one  FILE  COPY 


AD-A229  589 


MATERIALS 
RESEARCH 
SOCIETY 

SYMIX  >S1UM  I’RCH  lei  )1N(  ,S 


VOLUME  161 


Properties  of 
II- VI  Semiconductors: 
Bulk  Crystals,  Epitaxial 
Films,  Quantum  Well 
Structures,  and  Dilute 
Magnetic  Systems 


EDITORS 

F.J.  Bartoli,  Jr. 
H.F.  Schaake 
J.F.  Schetzina 


NOV  15 1990 


distribution  statement  a" 

Approved  for  public  rcloa'’®; 
Dialribution  Unlimited 


REPORT  DOCUMENTATION  PAGE 


form  Aocnvtt 
Om  NO.  UTOMfM 


4.  mu  AMO  suamu 


1989  Materials  Research  Society  Fall  Meeting 


t.  AUTHOMi 

Dr  John  Bal lance 


s.  rUMOWa  NUAMtU 


2306/A2 


7.  OHOANUAnaN  HAMKS)  AMO  AOOAISSIfS) 

Material  Reserach  Society 
9800  McKnight  Road,  Suite  327 
Pittsburgh.  PA  15237-6005 


/MONlTOlUMa  AOINCr  MAMI(S)  AMO  AOOMSMIl) 

AFOSR/NE 
Bldg  410 

Bolling  AFB  DC  2033206448 


I.  AIWQUMMMI  OaCANIXATtON 
AIMMT  MUMUA 


AFCSRItR-  «'  0  ■  7  0-'^ 


AFOSR-90-0081 


IIA.  OUTIMUTiaM/AVAAAMUTY  ITATIMIN 


life.  oaTfeMUTION  COO« 


UNLIMITED 


11.  AfeSTRACT  (MaaMNMf  lOOwww 

CONFERENCE  WAS  HELD  ON  THE  FOLLWING  AREA 
(158)  In  Situ  Patterning:  Selective  Area  Deposition  and  Etching 
(161)  Properties  of  II-VI  Semiconductors:  Bulk  Crystals,  Expitaxial  Films, 
Quantum  We’ 1  Structures,  and  Dilute  Magnetic  Systems 

(163)  Irapurties,  Defects  and  Diffusion  in  Semiconductors:  Bulk  and  Lavered 
Structures 

(168)  Chemical  Vapor  Deposition  of  Refractory  Metals  and  Ceramics 
(170)  Tailored  Interfaces  in  c^-posite  Materials. 


DTIC 

SELECTE  M 

NOV  1519901  1 


17.  iieuairr  oAStmCAnoM 
OfeRWORT 

UNCUSS 


(J) 


Properties  of  II-VI  Semiconductors: 
Bulk  Crystals,  Epitaxial  Films, 
Quantum  Well  Structures, 
and  Dilute  Magnet’C  Systems 


■'•I 


DISTRIBUTION  STATEMENT  A.  ^ 

Approved  lor  pubUc  t 

Urliin'-ted  _ J 


MATERIALS  RESEARCH  SOCIETY  SYMPOSIUM  PROCEEDINGS 


VOLUME  161 


Properties  of  II- VI  Semiconductors: 
Bulk  Crystals,  Epitaxial  Films, 
Quantum  Well  Structures, 
and  Dilute  Magnetic  Systems 

Symposium  held  November  27-December  1,  1989,  Boston, 
Massachusetts,  U.S.A. 


EDITORS: 

F.J.  Bartoli,  Jr. 

Naval  Research  Laboratory,  Washington,  DC,  U.S.A. 


H.F.  Schaake 

Texas  Instruments,  Dallas,  Texas,  U  S. .A. 


J.F.  Schetzina 

North  Carolina  State  University,  Raleigh,  North  Carolina,  U.S.A. 


Iiyfllfl^l  materials  research  society 

Pittsburgh,  Pennsylvania 


This  work  was  supported  in  part  by  the  U  S.  Army  Research  Office  under  Grant 
Number  DAAL03-90-G-0014.  The  views,  opinions,  and/or  findings  contained  in  this 
report  are  those  of  the  authors  and  should  not  be  construed  as  an  official  Department  of 
the  Army  position,  policy,  or  decision  unless  so  designated  by  other  documentation. 


This  work  was  supported  by  the  Air  Force  Office  of  Scientific  Research,  Air  Force 
Systems  Command,  USAF,  under  Grant  Number  AFOSR  90-0081. 


Single  article  reprints  from  this  publication  are  available  through  University  Microfilms 
Inc.,  300  North  Zeeb  Rood,  Ann  Arbor,  Michigan  48106 

CODEN:  MRSPDH 

Copyright  1990  by  Materials  Research  Society. 

All  rights  reserved. 

This  book  has  been  registered  with  Copyright  Clearance  Center,  Inc.  For  further 
information,  please  contact  the  Copyright  Clearance  Center,  Salem,  Massachusetts. 

Published  by: 

Materials  Research  Society 
9800  McKnight  Road 
Pittsburgh,  Pennsylvania  15237 
Telephone  (412)  367-3003 
Fax  (412)  367-4373 

Library  of  Congress  Cataloging  in  Publication  Data 

Properties  of  Il-VI  semiconductors  :  bulk  crystals,  expitaxial  films,  quantum  well 
structures,  and  dilute  magnetic  systems  /  editors,  F.J.  Bartoli,  Jr  ,  H  F.  Schaake, 

J.F.  Schetzina, 

p.  cm.  —  (Materials  Research  Society  symposium  proceedings  :  ISSN  0272- 
9172  ;  V.  161) 

"Symposium  held  November  27-December  I,  1989,  Boston,  Massachusetts, 
U.S.A." 

Includes  bibliographical  references  and  index. 

ISBN  1-55899-049-6 

1.  Compound  semiconductors — Congresses.  2.  Crystals — Growth- 
Congresses.  3.  Epitaxy — Congresses  4. Quantum  wells — Congresses 

5.  Magnetic  semiconductors — Congresses.  I.  Bartoli,  F.J.  (Fil  J.)  II.  Schaake  FIT. 
(Herb  F.)  III.  Schetzina,  J.F.  (Jan  F.)  IV.  Materials  Research  Society.  Meeting 
(1989  :  Boston,  Mass.)  V.  Series:  Materials  Research  Society  symposium 
proceedings  :  v,  161. 

QC611.8.C64P76  1990  90-6261 

537.6'22— dc20  CIP 


Manufactured  in  the  United  States  of  America 


Contents 


PREFACE  xiii 

MATERIALS  RESEARCt!  SOCIETY  SYMPOSIUM  PROCEEDINGS  xv 

PART  I:  BULK  CRYSTAL  GROWTH  AND  PROPERTIES 

♦GROWTH  OF  LARGE-DIAMETER  CdZnTe  AND  CdTeSe  BOULES 
FOR  Hgx-xCdxTe  EPITAXY:  STATUS  AND  PROSPECTS  3 

S.  Sen,  S.M.  Johnson,  J.A.  Kiele,  w.H.  Konkel, 
and  J.E.  Stannard 

♦GROWTH  AND  CHARACTERIZATION  OF  CdTe  AND  CdTe  ALLOYS  15 

S.  McDevitt,  D.R.  John,  J.L.  Sepich,  K.A.  Bowers, 

J.F.  Schetzina,  R.S.  Rai,  and  S.  Mahaj an 

PHOTOLUMINESCENCE  DETECTION  OF  NATIVE  DEFECTS  IN  THE 
SURFACE  REGION  OF  BULK  CdTe  27 

P.M.  Amirtharaj  and  N.K.  Dhar 

ANNEALING  BEHAVIOR  OF  THE  PHOTOLUMINESCENCE  LINES  IN 
CdTe  AND  ZnxCdi-xTe  SINGLE  CRYSTALS  33 

J.  Gonzalez-Hernandez,  A.  Reyes-Mena, 

Elias  Lopez-Cruz,  D.D.  Allred,  and  Worth  P.  Allred 

NONDESTRUCTIVE  COMPOSITIONAL  AND  DEFECT  CHARACTERIZATION 
OF  CdZnTe  ALLOYS  USING  PHOTOLUMINESCENCE  SPECTROSCOPY  39 

W.M.  Duncan,  R.J.  Koestner,  J.H.  Tregilgas, 

H.-Y.  Liu,  and  M.-C.  Chen 

ION- IMPLANTATION  GETTERING  OF  IMPURITIES  IN  CdTe  4  5 

M.H.  Jin,  K.M.  James,  C.E.  Jones,  and  J.L.  Merz 

PREPARATION  AND  CHARACTERISATION  OF  (ZnTe ) x (CdSe ) i-x 
SINGLE  CRYSTALS  51 

V.K.  Madhu  Smitha  Rani,  R.P.  Vij ayalakshmi , 

D.  Raja  Reddy,  and  B.K.  Reddy 

PARI  II:  OPTICAL  AND  ELECTRICAL  PROPERTIES 

DEEP  LEVEL  LUMINESCENCE  MEASUREMENTS  OF  MBE  CdTe  GROWTH 
QUALITY  AND  PROCESSING  59 

J.L.  Shaw,  L.J.  Brillson,  S.  Sivananthan,  and 
J.P.  Faurie 

HIGH  RESOLUTION  AND  ANALYTICAL  ELECTRON  MICROSCOPY  OF 
MULTILAYER  HETEROEPITAXI AL  SEMICONDUCTORS  63 

H.-J.  Kleebe,  W.J.  Hamilton,  W.L.  Ahlgren, 

S.M.  Johnson,  and  M.  Ruble 


Invited  Paper 


♦SOLUBILI'Ti'  Of  IMrURITIES  AND  DEFECT  IMPURITY  INTERACTION 
IN  II-VI  SEMIGONDUCT'ORS 
Y.  Martaing 


THICKNESS  MEASUREMENT  OF  THIN  FILMS  BY  X-RAY  ABSORPTION 
J.  Chaudhuri  and  S.  Shah 


69 

83 


PART  III:  DOPING  OF  II-Vl  MATERIALS 

*MOCVD  GROWTH  AND  DOPING  OF  ZnSe  AND  RELATED  II-VI 
MATERIALS  91 

Hiroshi  Kukiir,cto 

♦GROWTH  AND  DOPING  OF  ZINC  SELENIDE  BY  MOLECULAR  BEAM 
EPITAXY  97 

J.M.  DePuydt,  H.  Cheng,  ^;.A.  Haase,  and  J,E.  Potts 

DEPOSITION  OF  ZINC  SELENIDE  BY  ATOMIC  LAYER  EPITAXY 
FOR  MULTILAYER  X-RAY  OPTICS  109 

J.K.  Shurtleff,  D.D.  Allred,  R.T.  Perkins, 
and  J.M.  Thorne 

EFFECT  OF  GaAs  SURFACE  STOICHIOMETRY  ON  THE  INTERFACE 
OF  AS-GRCWN  EPITAXIAL  ZnSe/EPITAXI AL  GaAs 

HETEROSTRUCTURES  115 

J.  Qiu,  R.L.  Gunshor,  M.  Kobayashi,  D.R.  Menke, 

Q.-D,  Qian.  D.  Li,  and  N.  Otsuka 

PSEUDOMORPHIC  ZnTe/AlSb/GaSb  HETEROSTRUCTURES  BY 
MOLECULAR  BEAM  EPITAXY  121 

D.L.  Mathine,  J.  Han,  M.  Kobayashi,  R.L.  Gunshor, 

D.R.  Menke.  M.  Vaziri,  J.  Gonsalves,  N.  Otsuka, 

Q.  Fu,  M.  Hagerott,  and  A.V.  Nurmikko 

TRANSMISSION  ELECTRON  MICROSCOPY  OF  Il-VI.ail-V 
SEMICONDUCTOR  HETEROEPITAXIAL  INTERFACES  127 

D.  Li,  N.  Otsuka,  J.  Qiu,  J.  Glenn  Jr., 

M.  Kobayu.shi,  and  R.L.  Gunshor 

♦PROPERTIES  OF  CHLORINE-DOPED  ZINC  SELENIDE  GROWN  BY 
MOLECULAR  BEAM  EPITAXY  133 

S.  Hwang,  J.  Ren,  K,A,  Bowers,  J.W.  Cook,  Jr., 
and  J.F.  Schetzina 


PART  IV:  THIN  FILMS  AND  HETEROSTRUCTURES 

SURFACE  MORPHOLOGY  AND  PHOTOLUMINESCENCE  SPECTRA  OF 
ZnSe  (Na)  AFTER  EXCIKER  LASER  ANNEALING  141 

Guan-Jiun  Yi,  G.F.  Neuraark,  Z.  Lu,  P.R.  Newbury, 

C,F.  Yu,  B.J.  Fitzpatrick,  M.  Shone,  and 
A.  Sicignano 

PLASMA- AS SI  ST ED  EPITAXIAL  GROWTH  OF  ZnSe  FILMS  IN 
HYDROGEN  PLASMA  147 

S.  Yamauchi  and  T.  Hariu 


♦Invited  Paper 


VI 


GROWTH  OF  ZnSxSei_x  BY  MBE  USING  AN  ELECTROCHEMICAL 
SULPHUR  SOURCE  153 

J.M.  Wallace,  K.A.  Prior,  B.C.  Cavenett, 

J.J.  Hunter,  S.J.A.  Adams,  and  M.J.L.S.  Haines 

SELECTIVE  AREA  DEPOSITION  OF  PASSIVANTS,  INSULATORS,  AND 
EPITAXIAL  FILMS  OF  II-VI  COMPOUND  SEMICONDUCTORS  159 

D.L.  Dreifus,  Y.  Lansari,  J.W.  Han,  S.  Hwang, 

J.W.  Cook,  Jr.,  and  J.F.  Schetzina 

SPATIAL  LIGHT  MODULATOR  USING  A  CDS  THIN  FILM 

PHOTOCAPACITOR  165 

Joseph  Reichman 

PHOTOLUMINESCENCE  PROPERTIES  OF  GRADED  COMPOSITION 
MgjjZni-xSe  CRYSTALS  171 

H.J.  Lozykowski,  X.D.  Jiang,  and  J.L.  Merz 

♦ATOMIC  LAYER  EPITAXY  OF  WIDE  BANDGAP  II-VI  COMPOUND 
SEMICONDUCTOR  SUPERLATTICES  177 

M.  Konaqai,  Y.  Takemura,  R.  Kimura,  N.  Teraguchi, 
and  K.  Takahashi 

GROWTH  OF  LATTICE-MATCHED  ZnSe-ZnS  STRAINED-LAYER 
SUPERLATTICES  ONTO  GaAS  AS  AN  ALTERNAT I\’E  TO  ZnSSe 
ALLOYS  187 

H.  oniyama,  S.  Yamaga,  and  A.  Yoshikawa 

U.S.  POLYCRYSTALLINE  THIN  FILM  SOLAR  CELLS  PROGRAM  193 

Harin  S.  Ullal,  Kenneth  Zweibel ,  and 
Richard  L.  Mitchell 

EXCITONIC  PROPERTIES  OF  ZnSe-ZnS  STRAINED-LAYER 
SUPERL-ATTICES  AND  A  FIBONACCI  SEQUENCE  199 

Tsunemasa  Taguchi  and  Yoichi  Yamada 

OPTICAL  PROPERTIES  OF  CdZnS-ZnS  STRAINED-LAYER 

SUPERLATTICES  211 

Yasuyuki  Endoh  and  Tsunemasa  Taguchi 

PRECISE  MEASUREMENTS  OF  TRANSIENT  EXCESS  CARRIER 
LIFETIMES  IN  II-VI  FILMS  AND  SUPERLATTICES  217 

W.O.  Doggett,  Michael  W.  Thelander,  and 
J.F.  Schetzina 

PART  V:  NOVEL  GROWTH  AND  CHARACTERIZATION 

♦PHOTOASSISTED  MBE  OF  II-VI  SEMICONDUCTOR  FILMS  AND 
SUPERLATTICES  227 

N. C.  Giles,  R.L.  Harper,  J.W.  Han.  and 
J.F.  Schetzina 

GROWTH  AND  INITIAL  CHARACTERIZATION  OF  NOVEL 

HgTe-BASED  II-VI  MATERIALS  239 

F.G.  Moore,  J.C.  Abele,  and  R.E.  Kremer 


vii 


Invited  Paper 


ELECTRICAL  PROPERTIES  OF  MBE-GROWN  HgCdTe  245 

S.  Hwang  and  J.F.  Schetzina 

FIRST  AND  SECOND  ORDER  RAMAN  STUDIES  OF  COMPOSITION  AN'D 
STRUCTURAL  ORDERING  IN  Hgi-xCd^Te  251 

A.  Compaan  and  R.C.  Bowman,  Jr. 

TEMPERATURE-DEPENDENT  INFRARED  ABSORPTION  OF  Hg-BAGED 
II-VI  SEMICONDUCTOR  SUPERLATTICES  257 

Z.  Yang,  Y.  Lansari,  W.  Han,  Z.  Yu,  and 
J.F.  Schetzina 

PROPERTIES  OF  MODULATION-DOPED  HgCdTe  SUPEP-I.ATTICE3  263 

S.  Hwang,  Z.  Yang,  Y.  Lansari,  J.W.  Han, 

J. W.  Cook,  Jr.,  N.C.  Giles,  and  J.F.  Schetzina 

PART  VI:  HgCdTe:  SURFACES,  PASSIVANTS,  AND  PROCESSING 

THE  EFFECT  OF  SURFACE  LAYERS  IN  EPITAXIAL  n-TYPE 

Hgi-xCd^Te  271 

K. K.  Parat,  N.R.  Taskar,  I.B.  BhaC,  and  S.K.  Ghandi 

SURFACE  ELECTRONS  IN  INVERTED  LAYERS  OF  P -HgCdTe  277 

Samuel  E.  Schacham  and  Eliezer  Fink.man 

ELECTRICAL  CHARACTERISATION  OF  P-TYPE  CdxHgi-xTe  GROWN 
BY  MOVPE  2B5 

Anne  Royle,  J.S.  Gough,  S.J.C.  Irvine,  and 
J.B.  Mullin 

SURFACE  ROUGHNESS  THEORY  AND  LOW-TEMPERATURE  EPITAXY  291 

Biinivasan  Kr ishnamur thy,  M.A,  Herding,  A.  Sher, 
and  A.-B.  Chen 

ENHANCED  METALLIZATION  STABILITY  ON  MERCURY-CADMIUM- 
TEIjLUFIDE  297 

A.  »aisanen,  G.  Haugstad,  X.  Yu,  G.  Ceccone, 
and  A.  Franciosi 

GRCMTH  OF  HIGH  QUALITY  LWIR  FILMS  BY  LIQUID  PHASE 
EPITAXY  303 

Dipankar  Chandra 

EFFECTS  OF  DEFECTS  ON  METAL- INSULATOR-SEMICONDUCTOR 
PROPERTIES  OF  HgCdTe  FILMS  GROWN  BY  LIQUID  PHASE 

EPITAXY  313 

Dipankar  Chandra  and  Michael  W.  Goodwin 

LOW  TEMPERATURE  DEVICE  PROCESSING  TECHNOLOGY  FOR  II-VI 
SEMICONDUCTORS  323 

D.L,  Dreifus,  R.M.  Kolbas,  B.P.  Sneed,  and 
J.F.  Schetzina 


vlii 


PART  VII:  HgCdTe:  EPITAXIAL  GROtVTH 


‘RECENT  ERGGRc-SS  IK  THE  OMVPE  GROWTH  OF  HgCdTe 
Scrab  K.  Ghandhi 

VAPOUR  PRESSURE  MEASUREMENTS  ON  ORGAKOTELLURIIiM 
PRECURSORS  POR  MOVPE 

J.E.  Haiis,  S.J.C.  Irvine,  and  J.B.  Muliin 

STRUCTURAL  AND  ELECTRICAL  PROPERTIES  OF  HETEROEPITAXi AL 
HgCdTe/CdZnTe/Ga As/Si 

S.M.  Jolinson,  W.L.  Ahlgren,  M.H.  Kaiisher, 

J.B.  James,  and  W.J.  Ha.milton,  Jr. 

PROPERTIES  OF  HgTerZnTe  STRAINED  LAYER  SUPERLATTICES 
GROWN  BY  MOV  PE 

J.T.  Mullins.  P.A.  Clifton.  P.D.  Brown,  D.O.  Hail, 
and  A.W.  Brinkir.an 

MBE  GROWTH  AND  CHARACTERIZATION  OF  SMAI.L  BAfJD  GAP 
HgTe-HgCdTe  SOPERLATTICES 

Y.  Lansati,  Z.  Yang,  S.  Hwang,  J.W.  Cook,  Jr., 
and  J.F.  Schetzina 

ON  THE  FIELD  EMISSION  FROM  HgTe-CdTe  SUPERLATTiCES  WITH 
GRADED  structures  UNDER  MAGNETIC  QUANTIZATION 
Kanakhya  P.  Ghatak  and  Sarr.bhu  N.  Biswas 

MBE  GROWTH  AND  CHARACTERIZATION  OF  LWIF  HgCdTe 

M.B.  Lee,  J.  DeCarlo,  D.  DiHarzio,  and  M.  Kesselman 


PART  VIII:  Hq-BASr.D  SU  EERI  ATT  T  CF,.'- 

•FREE-CARRIKR  INDUCED  OPTICAL  NONL  I  NEAR  i  T I  ES  IN  NARRa-,' 
BANDGAP  SEMICONDUCTORS 

D.  Walrod,  3.Y.  Auyang,  and  P.A.  Wolff 

NARROW-GAP  NONLINEAR  OPTICAL  MATERIAI.S 

E. R.  Youngdale,  C.A.  Hoffman,  J.R.  Meyo:, 

'■'.J.  Bartoli,  J.W.  Han,  J.W.  Cook  Jr., 

J.F.  Schetzina,  and  A.  Martinez 

♦TRANSPORT  PROPERTIES  OF  NARROW  GAP  11-V!  SUPERLATTICES 
C.A.  Hoffman,  J.R.  Meyer,  and  F.J.  Ba:to;i 

HgTe-CdTe  MULTIPLE  QUANTUM  WELLS 

C.A.  Hoffman,  D.J.  Arnold,  J.R.  Meyet,  F.J.  Bartoli, 

Y.  L an  sari,  J.W.  Cook,  Jr.,  J.F.  Schetzina,  and 
J.N.  Schulman 

QUANTUM-CONFINED  STARK  EFFECT  IN  II-VI  SEMI  ICONDUCTOR 
COUPLED  QUANTUM  WELLS 

Z.  Yang  and  J.F.  Schetzina 


♦Invited  Paper 


IX 


PART  IX:  DILUTE  MAGNETIC  SEMICONDUCTORS 

♦RECENT  DEVELOPMENTS  IN  II-VI  DILUTED  MAGNETIC  SFJ1I-  427 

CONDUCTORS 

N.  Samarth  and  J.K.  Furdyna 

TDM  STUDY  OF  DEFECTS  IN  CdTe/CdMnTe  SUPERLATTICES  ON 

(100)  InSb  437 

S.J.  Diamond,  J.W.  Steeds,  D.  Ashenford,  and  B.  Lunn 

Ga  AND  In  AUTODOPING  OF  Cdi-xMt'xTe  EPITAXIAL  LAYERS 

GROWN  ON  GaAs  AND  InSb  SUBSTRATES  443 

J.J.  Dubowski,  J.M.  Wrobei ,  S.  Rolfe,  J.A.  Jackman, 

J.H.  Mazur,  and  J.  Noad 

PHOTOLUMINESCENCE  STUDIES  OF  DILUTED  MAGNETIC 

SEMICONDUCTORS  UNDER  HYDROSTATIC  PRESSUkt,:  Cdi_xMnxTe  449 

Maneesha  Prakash,  Meera  Chandrasekhar, 

H.R.  Chandrasekhar,  I.  MioCkowski,  and  A.K.  Ramdas 

OBSERVATION  OF  Mn^”^  TRIPLET  CLUSTERS  AND  NON-NEAREST- 

NEIGHBOR  EXCHANGE  EFFECT  IN  (Cd,Mn)Te  455 

Xiaomei  Wang,  D.  Heiman,  S.  Foner,  and  P.  Becla 

IN-SITU  STUDIES  OF  SEMIKAGNETIC  HETEROJUNCTION 

F7-TAMETERS  4  59 

Xiaohua  Yu,  N.  Troullier,  A.  Raisanen,  G.  Haugstad, 
and  A.  Franciosi 

PULSED  LASER  EVAPORATION  AND  EPITAXY  GROWTH  OF 

Cd]^_xMnxTe  4  55 

X.L.  Zheng,  C.A.  Huber,  P.  Becla,  M.  Shih,  and 
D.  Heiman 

PHOTOLUMINESCENCE  OF  ZnSe  EPILAYERS  ON  GaAs  UNDER 

HYDROSTATIC  PRESSURE  471 

Judah  A.  Tuchman,  Zhifeng  Sui,  Irving  P.  Herman, 

R,L.  Gunshor,  L.A.  Kol odz iej ski ,  D.A.  Cammack, 
and  M.  Shone 

3d  TRANSITION  METAI.S  IN  II-VI  SEMICONDUCTORS  479 

□  .  Heiman,  M.  Dahl,  X.  Wang,  P.A.  WoJff,  P.  Becla, 

A.  Petrou,  and  A.  My ci el  ski 

MAGNETIZATION  STUDY  OF  Fe-BASED  II-VI  DILUTED  MAGNETIC 

SEMICONDUCTORS  485 

W.J.M.  de  Jonge,  H.J.M.  Swagten,  and  A.  Twardowski 

ENERGY  LEVEL  SPECTRA  OF  TRANSITION  METAL  IONS  IN  DILUTED 

MAGNETIC  SEMICONDUCTORS  491 

Murielle  Villeret,  S.  Rodriguez,  and  E.  Kartheuset 

RAMAN  SPECTROSCOPY  OF  A  NOVEL  DILUTED  MAGNETIC 

SEMICONDUCTOR;  CUBIC  Cdi_xMnxSe  497 

R.G.  Alonso,  E.-K.  Suh,  H.  Pascher,  E.  Oh, 

A.K.  Ramdas,  N.  Samarth,  H.  Luo,  and  J.K.  Furdyna 


Invited  Paper 


FREE  EXCITON  RPGNETOSPECTROSCC PY  OF  CdFeSe  DILUTED 
MAGNETIC  SEMICONDUCTOR 

A.  TwardowEki,  K.  Pakula,  M.  Arciszewska,  and 
A.  Mycielski 


AUTHOR  INDEX 


SUBJECT  INDEX 


MATERIALS  RESEARCH  SOCIETY  SYMPOSIUM  PROCEEDINGS 


Preface 


The  II-VI  compound  semiconductors  possess  characteristics 
which,  as  a  group,  are  unique.  Among  the  most  active  areas  of 
investigation  in  these  materials  today  are  blue  light  emitters 
based  on  ZnSe,  infrared  detectors  based  on  mercury-containing 
compounds  such  as  HgCdTe,  and  the  properties  of  dilute  magnetic 
semiconductors.  Each  of  these  areas  is  represented  by  several 
papers  included  in  this  volume.  The  symposium  at  which  the  papers 
in  this  volume  were  orally  presented  was  attended  by  25  0  re¬ 
searchers  from  across  the  g],'oBe.  Of  the  nearly  100  papers 
presented,  69  are  contained  in  these  proceedings. 
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to  those  institutions  which  provided  financial  support:  the  Air 
Force  Office  of  Scientific  Research,  the  Army  Research  Office, 
the  Defense  Advanced  Research  Projects  Agency,  the  Office  of  Naval 
Research,  and  Texas  Instruments.  Thanks  also  to  the  many  who 
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GROWTH  OF  LARGE -DIAMETER  CdZnTe  AND  CdTeSe  BOULES 
FOR  Hgi-xCdxTe  EPITAXY:  STATUS  AND  PROSPECTS 


S.  SEN,  S.M.  JOHNSON,  J,A.  KIELE,  W.H.  KONKEL  AND  J.E.  STANNARD 
Santa  Barbara  Research  Center,  75  Coromar  Dr.,  B2/8,  Goleta,  CA  93117 


ABSTRACT 

Single  crystals  of  CdTe  or  dilute  alloys  of  Cd^-yZnyTe  (y  <  0.04)  and 
CdTei-jSej.  (z  ^  0.04)  with  low  defect  density  and  large  single-crystal  area 
(>30  cm^)  are  required  as  substrates  for  high-quality  epitaxial  Hgj-xCdxTe 
thin  films  in  the  infrared  (IR)  detector  industry.  Bridgman  or  gradient 
freeze  has  been  the  most  common  current  technique  used  for  growing  these  mate¬ 
rials.  This  paper  reviews  the  current  status  and  the  evolution  at  SBRC  of  one 
variation  of  the  Bridgman  technique,  viz.,  vertical-modified  Bridgman  (VMB) , 
for  producing  large-area  substrates  with  excellent  uniformity  and  repro¬ 
ducibility.  CdTe,  Cdi-yZnyTe  (y  ^  0.04)  and  CdTei-zSej  (z  <  0.04)  boules  of  5- 
to  7.5-cm  diameter  have  been  grown  unseeded  in  the  present  version  of  the  VMB 
growth  system.  In  general,  under  optimum  growth  conditions,  the  boules  have 
the  smallest  grain  structure  {several  grains)  at  the  tip  end  with  enhancement 
of  grain  selection  as  the  cylindrical  body  of  the  bouie  is  approached,  result¬ 
ing  in  one  predominant  and  large  grain  occupying  70  to  80  percent  of  the  en¬ 
tire  bouie  volume;  { 111 ) -oriented  Cdj.yZnyTe  and  CdTej-zSCz  substrates  with 
single-crystal  areas  as  large  as  50  to  60  cm^  have  been  obtained  from  these 
boules.  Crystal  quality  characterized  by  x-ray  rocicing  curve,  IR  transmission 
(2.5  to  20  )im) ,  low-temperature  photolujninescence,  and  Hall-effect  measure¬ 
ments  as  a  function  of  temperature,  showed  a  strong  correlation  with  the 
starting  material  quality  (especially  that  of  elemental  Te  and  Se) .  Analyses 
of  the  thermal  history  during  growth  reveals  that  the  presence  of  the  ampoule 
(with  charge)  increases  the  temperature  inside  the  furnace  by  10  to  15  de¬ 
grees.  The  temperature  gradient  at  the  tip  was  measured  to  be  8  to  10®C/cm 
and  it  dropped  to  4  to  5®C/cm  beyond  2.5  cm  from  the  tip  -  where  rapid  en¬ 
hancement  of  grain  selection  takes  place  in  most  boules.  The  effect  of  this 
temperature  rise  on  the  initial  crystallization  near  the  tip  of  a  bouie  can  be 
explained  from  the  numerical  thermal  model  that  was  developed  for  the  growth 
process  with  radiative  and  conductive  heat  transfer  included  and  using  a  tem¬ 
perature  profile  similar  to  that  existing  in  the  actual  growth  furnace.  Con¬ 
ditions  for  maximizing  the  fraction  solidifying  with  a  slightly  convex  inter¬ 
face,  hence  maximizing  the  single-crystal  yield  are  discussed. 

INTRODUCTION 

Various  growth  methods  have  been  applied  in  the  past  to  the  bulk  growth 
of  CdTe.  This  is  mainly  due  to  the  difficulty  of  obtaining  high  quality  sin¬ 
gle-crystal  material  of  large  size.  In  comparison  with  the  highly  developed 
group  IV  and  III-V  materials,  there  are  several  factors,  viz.,  higher  ionic- 
ity,  reactivity  and  lower  stacking  fault  energy  in  II-VI  materials  which  in 
general  make  it  more  difficult  for  achieving  large  single  crystals  with  low 
defects.  Although  different  growth  methods,  viz.,  vapor  phase  growth,  solu¬ 
tion  growth,  and  melt  growth  have  all  been  used  for  growing  bulk  CdTe  crys¬ 
tals,  Bridgman  and  gradient  freeze  techniques  of  the  melt  growth  process  are 
the  two  most  common  current  techniques  used  for  growing  large-diameter  CdTe 
and  dilute  alloys  of  Cd;-yZnyTe  (y  5  0.04)  and  CdTei-jSez  (z  $  0.04)  boules. 

The  use  of  lattice-matched  substrates  for  growth  of  Hg^-xCdxTe  epitaxial 
layers  has  been  shown  to  reduce  the  interfacial  dislocation  density  and  im¬ 
prove  layer  morphology.  Both  CdZnTe  and  CdTeSe  have  been  used  as  substrates 
for  the  growth  of  HgCdTe  by  liquid-phase  epitaxy  (LPE){1,2].  CdZnTe  succeeded 
the  binary  compound  CdTe  several  years  ago  because  of  greater  hardness,  lower 
dislocation  density,  and  the  advantage  of  lattice  matching  (resulting  in  fewer 
misfit  dislocations  at  the  substrate-layer  interface) .  Recently,  the  growth 
of  HgCdTe  on  lattice-matched  substrates  of  CdTeSe  by  metal-organic  chemical 
v'Dor  deposition  (MOCVD)  has  been  reported  (3],  supporting  the  importance  of 
close  lattice  matching  for  improved  HgCdTe  layer  quality  for  MOCVD  growth. 
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Although  alternative  ("foreign")  substrate  materials,  such  as  GaAs  with 
an  intervening  CdTe  buffer  layer,  have  been  used  for  the  growth  of  HgCdTe  by 
both  MOCVD  and  molecular  beam  epitaxy  (MBE) ,  the  lattice  mismatch  between 
HgCdTe  and  CdTe  generates  dislocations  at  the  interface  and  can  degrade  the 
HgCdTe  layer  properties.  Current  investigation  of  the  growth  of  lattice- 
matched  CdZnTe  layers  grown  on  GaAs  by  MOCVD  indicates  promise  of  a  possible 
replacement  for  bulk  substrates  of  CdZnTe  (and  perhaps  also  CdTeSe)  in  the  fu¬ 
ture,  However,  current  development  of  next -generation  hybrid  infrared  detec¬ 
tor  arrays  relies  upon  active  layers  of  HgCdTe  grown  by  LPE,  and  the  substrate 
materials  required,  at  least  at  the  present  time,  are  in  bulk  crystal  form 
with  large  single-crystal  area  (>30  cm^)  and  low  defect  density. 

It  is  expected  from  the  phase  diagrams  of  the  two  alloy  systems  (Cd-Zn- 
Te  and  Cd-Te-Se)  that  composition  control  can  be  maintained  over  longer  boule 
lengths  for  CdTeSe  than  for  CdZnTe,  because  the  equilibrium  distribution  coef¬ 
ficient  of  CdSe  is  about  0.97  in  CdTe  compared  with  1.31  for  ZnTe  in  CdTe. 

In  this  paper,  results  are  reported  of  CdTeSe  and  CdZnTe  boules  >5  cm  in 
diameter  grown  vertically  and  unseeded  in  a  specially  designed  multiple-zone 
furnace  assembly  with  a  conqsuterized  control  and  monitoring  system  [4]. 
Parameters  required  for  improved  crystal  quality  based  on  growth  experiments 
and  numerical  thermal  model  of  the  growth  process  are  reviewed.  Finally,  fac¬ 
tors  influencing  reproducibility  of  single  crystal  yield  and  quality  are  dis¬ 
cussed. 


CRYSTAL  GROWTH  AND  EVALUATION 

The  crystal  growth  apparatus,  optimum  thermal  conditions  from  thermal 
modeling  of  growth  process,  crystal  growth  procedure,  and  evaluation  of  grown 
crystal  are  described  in  this  section. 


The  crystal  growth  furnace  assembly  is  shown  schematically  in  Figure  1. 
The  furnace  can  accommodate  growth  an^oule  up  to  7.5  cm  in  diameter.  Tempera¬ 
ture  profiling  of  the  furnace  assembly  was  accomplished  with  a  thermocouple 
array  consisting  of  11  thermocouple  junctions  0.5  in.  apart.  The  thermocouple 
array  was  positioned  inside  the  middln  furnace  (melt  or  hot  zone.  Figure  1)  to 
monitor  temperature  distribution  both  circumferentially  and  along  the  vertical 
axis  (longitudinally)  ,  Tetrperature  was  displayed  in  real  time  on  the  video 
screen  and  all  measured  data  were  available  for  printout  or  storage  on  hard 
disk.  Temperature  profile  data  were  obtained  as  a  function  of  time  with 
loaded  ampoule  in  position,  to  monitor  temperature  distribution  and  fluctua¬ 
tions  in  temperature  during  the  entire  crystal  growth  period. 


Thermal  Modeling  of  Growth.  Process 

From  fundamental  heat-transfer  considerations  it  is  known  that  for  crys¬ 
tal  growth  from  the  melt  in  the  vertical  Bridgman  configuration  a  slightly 
convex  (toward  the  melt)  liquid-solid  interface  is  favorable  for  grain  selec¬ 
tion  and  helps  to  prevent  spontaneous  nucleation  at  the  ampoule  wall.  Al¬ 
though  the  thermal  conditions  at  the  interface  can  be  controlled  to  a  large 
extent  by  furnace  design  features  and  furnace  parameters,  the  thermal  proper¬ 
ties  of  the  charge  will  have  a  major  influence  on  the  interface  shape  and  po¬ 
sition.  The  most  important  of  the  thermal  properties  of  the  charge  is  its 
thermal  conductivity.  While  the  magnitude  of  the  thermal  conductivity  influ¬ 
ences  the  thermal  coupling  between  the  furnace  and  the  charge,  a  difference  in 
thermal  conductivity  values  for  the  solid  crystal  and  the  melt  at  the  inter¬ 
face  can  lead  to  unfavorable  interface  shape  (i.e.,  concave  toward  the  melt). 

Thermal  diffusivity  (a),  which  is  related  to  the  thermal  conductivity 
(k)  by  k  =  OEpCp,  where  p  and  Cp  are  density  and  specific  heat  (at  constant 
pressure) ,  respectively,  was  measured  for  both  solid  and  liquid  CdTe  and 
Cdo.96Zno,o4Te.  Results  of  the  thermal  diffusivity  measurements  [4]  as  a  func¬ 
tion  of  temperature  for  both  CdTe  and  CdZnTe,  showed  only  a  20%  increase  in 
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the  thermal  diffuaivity  values  of  the  liquid  compared  with  the  solid  near  the 
i  vicinity  of  the  melting  point. 

For  evaluation  of  the  parametric  effects  on  the  solid-liquid  interface 
shape  in  the  growth  of  CdTe,  CdZnTe  and  CdTeSe  boules  by  the  VMB  process,  heat 
transfer  analysis  using  a  finite-element  numerical  analysis  code,  ANSYS  [5], 
was  performed.  Calculations  were  made  using  a  two-dimensional  axisymmetric 
model  for  the  ampoule  containing  the  charge,  with  both  conductive  and  radia¬ 
tive  modes  of  heat  transfer  between  the  furnace  wall  and  the  ampoule.  Convec¬ 
tive  fluid  flow  was  neglected.  The  crystal  diameter  used  was  2  in.,  ampoule 
wall  thickness  0.08  in.  and  crystal  length  12  in.  <suf f iciently  long  to  be 
considered  thermally  infinite) .  Measured  temperature  profiles  in  the  growth 
furnace  and  thermal  diffusivity  values  for  liquid  and  solid  CdTe  and 
Cdo .  seeing ^ 04Te  were  used  in  the  model  to  provide  guidance  in  determining  the 
optimum  position  of  the  solid-liquid  interface  within  the  growth  furnace.  A 
sample  numerical  solution  with  the  hot-zone  temperature  at  1110®C,  cold-zone 
temperature  at  925®C  and  the  gradient-zone  (insulated)  length  of  1  in,  is 
shown  in  Figure  2.  The  model  shows  that  the  interface  is  convex,  lies  inside 
the  hot-zone  and  is  1.5  in.  from  the  center  of  the  insulated  zone.  Similar 
thermal  conditions  were  used  in  the  actual  growth  experiments  described  below. 
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Figure  1.  Schematic  diagram  of 
multiple-segment  VMB  furnace 
assembly . 


Figu*.€  2.  Numerical  heat  transfer  model  of 
VMB  process  showing  optimum  position  of 
solid-liquid  interface  (see  text). 


Crystal  Growth 

Crystals  of  Cdo , ge^no .04Te  and  CdTeo.96Seo.o4  2  to  3  in.  in  diameter  and 
up  to  6  in.  in  length  have  been  grown  unseeded  from  melts,  using  vapor-reacted 
pre-synthesized  CdTe,  ZnTe,  and  CdSe  charges.  Charge  masses  up  to  3.0  kg 
(3-in.  diameter)  have  been  utilized  for  CdZnTe  growth  and  up  to  1.1  kg  (2-in. 
diameter)  for  CdTeSe  growth.  Both  materials  were  grown  under  similar  condi¬ 
tions,  that  is,  melt  temperature  approximately  1110®C,  Cd  overpressure  approx¬ 
imately  1  atmosphere,  temperature  gradient  without  the  growth  ampoule  approxi¬ 
mately  5®C/cm,  and  a  furnace  travel  rate  of  1  mm/hr. 

Since  commercially  available  Se  is  not  as  pure  as  the  readily  available 
electronic  grade  Zn  (6  9's  purity),  prereacted  CdSe  was  twice  sublimed  to  ef¬ 
fect  separation  of  some  impurities;  the  final  sublimate  was  used  in  the  prepa¬ 
ration  of  the  CdTeSe  boules.  I 111) -oriented  single-crystal  substrates  sawed 
from  the  boules  were  used  for  characterization  of  the  bulk  properties  of  the 
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material  and  for  epitaxial  Hgj-xCdxTe  growth  i>y  SBRC's  vertical  licpiid-phase 
epitaxial  (VLPE)  process  [6]  for  evaluation  of  the  substrate  quality, 


Crystal  Evaluation 
Macroscopic  Structure 

The  characteristic  crystal  grain  structure  of  Cdo.962no.o4Te  boules  of 
different  diameters  ate  shown  in  Figures  3  and  4.  Photographs  of  ?- 
2.5-in.  diameter  CdZnTe  boules  and  (111)  slices  cut  almost  parallel  to  the 
growth  axis  from  those  boules  are  shown  in  Figure  3a  and  3b#  respectively. 
Figure  4  shows  a  photograph  of  a  recently  grown  3-in.  diameter  CdZnTe  boule, 
that  shows  very  similar  macroscopic  surface  grain  structure  as  seen  in  the 
smaller  diameter  boules.  For  the  2.3-  and  3-in.  diameter  boules#  the  furnace 
travel  rate  was  reduced  to  0.75  mm/hr  and  0.5  mm/hr,  respectively#  from  the 
typical  speed  of  1  mm/hr  used  for  2-in.  diameter  boules.  Post  growth  cooling 
rate  was  also  reduced  from  25®C/hr  to  10®C/hr  for  these  larger  diameter 
boules . 


Figure  3.  <a)  Cdo.geZnQ^o^Te  boules  2-  and  2.5-in.  diameters;  (b)  {111}  ori¬ 

ented  substrates  from  2-  and  2,5-in.  diameter  boules  showing  large  f>40  cm^) 

single-crystal  area . 

Under  these  growth  conditions  Cdo.962no.04Te  boules,  for  which  75%  of  the 
boule  volume  was  single  crystal,  were  achieved.  Single  crystal  area  as  large 
as  approximately  50  cm^  was  obtained  from  the  2.5-in.  diameter  boule.  Usually 
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a  few  lamellar  twins  on  the  surface  of  the  boule  are  found  that  propagate  ei- 
thet  parallel  to  or  at  a  slight  angle  (approximately  15  to  30®)  to  the  growth 
axis.  Generally  it  is  seen  that  crystal  growth  begins  with  several  grains 
near  the  tip,  but  after  0.5  to  1  in.  of  growth  the  grains  grow  out  and  no  ad¬ 
ditional  grains  are  nucleated.  This  is  indirect  evidence  of  a  favorable 
solid-liquid  interface  shape  for  grain  selection  throughout  the  growth  period. 

Analysis  of  the  thermal  history  during  growth  reveals  that  the  presence 
of  the  ampoule  (with  charge)  increases  the  temperature  inside  the 


Figure  4. 

Cdo.96Zng_o4're  boule 
3-in.  diameter 
shows  similar  grain 
structure  as  in 
smaller  diameter 
boules . 


furnace  by  10  to  15  degrees.  The  temperature  gradient  at  the  tip  of  the  am¬ 
poule  was  measured  to  be  8  to  10®C/cm  and  it  dropped  to  4  to  5®C/cm  beyond 
2.5  cm  from  the  tip  -  where  rapid  enhancement  of  grain  selection  takes  place 
in  most  boules.  The  initial  temperature  rise  of  10  to  15  degrees  is  expected 
to  shift  the  interface  position  towards  the  cold-zone,  changing  the  interface 
shape  from  convex  to  concave  which  will  promote  spontaneous  grain  nuciedcic” 
near  the  ampoule  wall.  As  growth  progresses  and  the  temperature  drops,  the 
interface  position  can  move  upward  toward  the  hot-zone  and  the  shape  changing 
to  convex  favoring  grain  selection 

Figure  5  shows  the  characteristic  crystal  grain  structure  of 
Cdo . 962nc .04Te  and  CdTeo.96Seo.04  comparison.  Longitudinal  sections  from 
each  boule  cut  parallel  (as  for  CdTeSe)  or  nearly  parallel  (as  for  CdZnTe)  to 
the  growth  axis  demonstrate  comparable  grain  selection  and  large  single-crys¬ 
tal  area  {>17  cm^)  in  both  cases. 


Figure  5. 


Characteristic  crystal  grain  structure  in  CdZnTe  and  CdTeSe. 
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Microscopic 


St rue Lure 


Although  the  etch-pit  density  for  these  CdTeSe  boules  was  similar  to 
that  of  typical  CdZnTe  (10^  to  low  10^  the  precipitate  size  and  density 

f  were  significantly  reduced  (factor  of  10)  in  CdTeSe  compared  with  that  in 

CdZnTe.  Since  Se  substitutes  for  the  Te  site  in  CdTeSe  it  is  quite  possible 
that  it  reduces  the  slope  in  the  retrograde  solubility  curve  of  the  Te-rich 
side  in  CdTe,  thereby  reducing  precipitation  of  the  Te  during  cool-down  after 
growth.  It  is  also  perhaps  significant  that  clustering  of  etch  pits  around 
precipitates  typically  seen  in  CdTe  and  CdZnTe  was  not  present  in  CdTeSe. 

'  {333}  x-ray  topographs  and  x-ray  rocking  curve  (CuKai,  Si  4-crystal 

monochromator)  values  of  full  width  at  half-maximum  (FWHM)  for  the  two  materi¬ 
als  are  shown  in  Figure  6.  The  FWHM  values  are  indicated  in  the  figure  for 
f  various  locations  at  which  they  were  measured.  The  uniformity  of  both  the  to¬ 

pographs  and  the  FWHM  values  measured  at  different  locations  in  the  two  sL.b- 
strates  demonstrate  excellent  structural  quality  of  both  materials. 


Cdo  96  Zno  04  Tg 


Cuk^  (333)  REFLECTION 


CdTCo  96  S6o.04 


fWHM  =  16  arc  sec 


FWHM  =  9.6  arc  sec 


'  ;  i  ‘  ,  !  . 

/’  '  ' 

Cuk^^  (333)  REFLECTION;  X-RAY  BEAM  SIZE  1  »  8  mm^ 

Figure  6.  X-ray  reflection  topograph  and  double-crystal  roc)cing  curve  on 
CdZnTe  and  CdTeSe  substrate. 


Composition  Variation 

Variation  in  conposition  (y-value)  along  the  growth  axis  in  Cd:-yZnyTe 
and  CdTei-ySey  boules  was  measured  by  high  resolution  photoluminescence  at 
4.2K  where  bound-exciton  (BE)  peak  positions  were  used  to  determine  relative 
changes  in  composition.  The  5145A  line  of  an  Ar-ion  laser  was  used  as  the  ex¬ 
citation  source  and  the  samples  were  immersed  in  liquid  He  (4.2K).  A  Spex 
1404  double  spectrometer  (using  a  resolution  of  O.SA)  and  a  Hamamatsu  R943 
photomultiplier  tube  (GaAs  photocathode)  were  used  for  the  measurements.  The 
shift  in  the  BE  peak  position  corresponds  to  a  change  in  the  bandgap  of  the 
crystal.  This  change  in  bandgap  was  used  to  determine  the  change  in  composi¬ 
tion,  y,  assuming  that,  for  small  variations,  the  variation  in  bandgap  with 
composition  (dEg/dx)  is  linear  and  equal  to  difference  in  bandgap  between  the 
two  end  binaries,  CdTe-ZnTe  and  CdTe-CdSe.  Figure  7  shows  the  composition 
change  (from  a  nominal  melt  composition  of  4  percent  for  both  CdZnTe  and  Cd- 
SeTe  boules)  versus  distance  along  the  growth  axis.  For  CdTeSe  the  composi¬ 
tion  remains  relatively  constant  along  the  growth  axis,  whereas  for  CdZnTe  the 
composition  is  seen  to  vary  downward  to  as  low  as  approximately  1.2  percent 
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along  the  length  of  the  boule,  consistent  with  a  distribution  coefficient  for 
ZnTe  which  is  greater  than  unity.  The  variation  in  composition  of  CdZnTe  near 
the  tip  of  the  boule  and  up  to  4  cm  from  the  tip  is  probably  due  to  transient 
effects,  such  as  temperature  fluctuations  and  associated  spontaneous  nucle- 
ation,  at  the  beginning  of  growth  as  discussed  before. 


Z  (cm) 

Figure  7.  Photoiuminescence  BE  peak  positions  used  to  determine  relative 
changes  in  composition  along  growth  axis. 


Epitaxial  Hgj-xCdxTe  (x  =  0.26,  t  •  8  layers  grown  on  (111}  CdTeSe 

and  CdZnTe  substrates  by  SBRC’s  VLPE  process  from  Hg-rich  melts  showed  compa¬ 
rable  surface  morphology  and  electrical  properties.  However,  the  structural 
quality  of  Hg;-xCdxTe  on  CdTeSe  was  more  uniform  than  that  on  CdZnTe,  as  shown 
in  Figures  8  and  9.  the  structural  quality  of  the  HgCdTe  layer  on  CdZnTe,  as 
measured  by  x-ray  rocking-curve  FWHM  values  and  shown  in  Figure  8,  indicates  a 
systematic  broadening  of  the  rocking  curve  across  the  width  of  the  layer.  As 
displayed  in  Figure  9,  for  the  HgCdTe  layer  on  CdTeSe  the  FWHM  values  did  not 
vary  as  much  as  in  the  case  for  the  CdZnTe  substrates.  In  both  cases,  how¬ 
ever,  the  underlying  substrate  had  very  uniform  and  narrow  x-ray  FWHM  vaiue.s 
(10  to  1 6  arc-sec)  . 


Cuk  ^  (333)  REFLECTION 

Cdo96Znoo.Te  SUBSTRATE  '  LPE  Hgo/.CdojsTe  (I  =  8 /vm) 


Figure  8.  X-ray  scanning  reflection  topographs  of  (111)  CdZnTe  substrate  and 
LPE  HgCdTe  layer  showing  FWHM  values  from  x-ray  double-crystal  rocking  curves 
at  different  locations  in  the  LPE  HgCdTe  layer. 


To  determine  if  this  variation  in  the  structural  quality  of  epitaxial 
HgCdTe  on  CdZnTe  was  due  to  the  variation  in  the  Zn  concentration  of  the  un¬ 
derlying  substrate,  PL  measurements  were  made  along  the  lengths  of  the  same 
two  substrates.  As  described  earlier,  bound-exciton  peak  positions  were  mea¬ 
sured  from  the  PL  spectra  and  the  corresponding  composition  changes  determined 
as  a  function  of  position  across  the  two  substrates.  The  results  are  plotted 
in  Figure  10.  It  was  found  that  the  composition  of  CdTeSe  remained  unchanged 
along  the  length,  whereas  for  CdZnTe  the  conq^osition  varied  from  4-  to  5-mole 
percent  from  one  side  of  the  substrate  to  the  other.  Thus,  the  broadening  of 


Composition  Change 
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the  rocking  curve  in  the  case  of  LPE  HgCdTe  on  CdZnTe  is  most  probably  due  to 
this  gradual  change  of  composition  from  4  to  5  percent  across  the  CdZnTe  sub¬ 
strate  . 


CdTeo96Seoo4  SUBSTRATE  LPE  Hgo74Cdo26Te  (t  =  8  /thi) 


Figure  9.  X-ray  scanning  reflection  topographs  of  {111}  CdTeSe  substrate  ar.;i 
LPE  HgCdTe  layer  showing  FWHM  values  from  x-ray  double-crystal  rocking  curves 
^  ^  ^  at  different  locations  in  the  LPE  HgCdTe  layer. 


Figure  10.  Photoiu- 
minescence  BE  peak  p:si- 
r ions  used  to  determine 
compos if^na  I  uniforr.ity 
of  CdZnTtr  and  CdTeor- 
subst  rates . 


0  12  3  4 

Position  (cm) 


Infrvred  (IP)  optical  i  iC>n  measurements  of  pcJishe.j  CdZnTe 

wafers  can  provide  useful  inf-  rmation  about  excess  impurities  in  the  materia'.. 
C>;')ns  ide  r  i  ng  only  reflectance  losses  at  two  surfaces,  the  theoretical  transmis¬ 
sion  should  be  approximately  63*  over  the  typical  range  of  2.5  to  20  pm  cov¬ 
ered  by  most  FTIR  spectrometers.  Figure  11a  shows  the  t lansm i s.s ion  spectrum 
from  a  CdZnTe  wafer  which  has  an  excess  Cd  vacancy  concentration.  Figure  111 
shows  the  transmission  of  this  same  sample  is  restored  after  a  •2-hr  iSvOther- 
rr.d  I  anneal  at  600‘’C  in  Cd  ovetpre.ssure  to  fill  these  excess  vacancies.  Figure 
12  shows  the  absorption  coefficient  versus  wavelength,  determined  from  Figure 
11a,  increa.se.3  rapidly  at  first  then  as  for  X  >  V  This  absorpticn 

behavior  is  Clearly  not  free-carrier  absorption  but  is  another  mechanism  ap¬ 
parently  related  to  the  nonstoichiometry  (Cd  vacancies). 

An  example  of  CdZnTe  material  exhibiting  free-carrier  absorption  is 
Figure  13  which  shows  tlie  IR  transmission  expanded  in  the  region  from  8  to 
20  ^m  (spectrum  is  flat  from  2.5  to  8  Urn)  from  three  different  cegion.s,  sepa¬ 
rated  by  approximately  0.4  cm,  taken  ptogte&s  i  v«iy  <.0  tail  end  cd  a 

houle.  The  absorption  coefficient  from  each  of  these  regions  was  plotted  a?  a 
function  of  wavelength  and  varies  as  a  -  kX^-^  from  B  to  20  }im;  this  plot  for 
region  3  is  shown  in  Figure  12.  The  value  of  the  coefficient  k,  derived  from, 
the  a  versus  X  plots,  was  found  to  be  linearly  related  to  the  n-type  carrier 
concentration,  determined  from  BOOK  Hall-effect  measurements  as  shown  in 
Figure  14;  Figure  14  shows  that  k  -  (8.6  K  10”^)N(j. 
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figure  Zl.  (a)  IR  t ransmission  spectrum  from  a  CdZnTe  wafer  with  an  excess  Cd 
vacancy  concentration;  (b)  IR  transmission  spectrum  from  same  wafer  after  a 
72-hr  anneal  at  600^C  in  Cd  overpressure. 


{BojjtoB) 


Lamda  (^m) 

Figure  12 .. Absorption  coefficient  versus  wavelength  in  CdZnTe  wafers  from 


different  boules 


oules.  Boule  B  shows  effect  due  to  excess  Cd  vacancies  (X 
Boule  A  shows  effect  due  to  free  carrier  absorption. 

8.0  9.0  10.0  11.0  12.0  14  16  18  20  MICRONS 


1300  1200  1100  1000  900  800  700  600  500 

WAVENUMBER 

IR  transmission  spectra  near  tail  end  of  a  CdZnTe  boule  showing 
effect  due  to  free  carrier  absorption. 


Figure  13. 
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Figure  14.  Coefficient  k  plotted  ag^»inst  n-type  carrier  concentration  Nj 
(300K)  from  Hall  effect  shows  linear  dependence,  with  k  *  8.6  x  10“^)  N,j. 

Figure  15  shows  n-type  carrier  concentration  and  mobility  versus  temper¬ 
ature  for  a  CdZnTe  sample  taken  from  the  same  region  of  the  boule  which  showed 
free-carrier  absorption.  The  overall  mobility  is  low  and  decreases  somewhat 
at  lower  temperatures  which  indicates  disorder  in  this  region  of  the  boule. 
However,  similar  measurement  on  a  sample  from  the  tip  region  of  this  boule 
show  lower  carrier  concentration  (1.7  x  10^^  cm~^)  and  higher  mobility 
(approximately  lOCO  cm^/V's)  at  room  temperature,  which  agrees  with  negligible 
free  carrier  absorption  from  this  part  of  the  boule.  The  formation  of  ohmic 
contacts  to  p-typ®  '“dZnTe  is  an  area  that  needs  further  work  to  allow  more 
routine  characteilzatiun  of  these  materials  by  Hall-effect  measurements. 


10  .  10 


1000/T(K-') 


Figure  15.  Carrier  concentration  (n-type)  and  mobility  versus  temperature  for 
a  CdZnTe  sample  taken  from  same  region  of  boule  that  showed  free-carrier  ab¬ 
sorption  . 

Low  temperature  (4.2K)  photoluminescence  (PL)  measurements  made  at  the 
tail  end  and  tip  end  of  this  same  boule  are  shown  in  Figures  16a  and  16b,  re¬ 
spectively.  A  comparison  of  these  figures  shows  the  decrease  in  the  bandgap 
due  to  a  lower  concentration  of  Zn  at  the  tail  end  of  the  boule  as  described 
earlier.  At  the  tail  end,  shown  in  Figure  16b,  the  donor-acceptor  band  or 
'’defect"  band  at  1.45  eV  is  exceptionally  intense  in  comparison  to  this  same 
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band  in  Figure  16a  for  the  tip  end  of  the  boule.  The  luminescence  intensity 
of  the  bound  exciton  peaks  at  E  >  1.6  eV  is  approximately  twice  as  large  for 
the  tip  region  of  this  boule  which  also  indicates  better  material  cjuality.  We 
were  unable  to  quantitatively  relate  the  Hall-effoct  data  in  the  tail  end  of 
the  boule  with  absolute  intensities  or  intensity  ratios  of  either  the  donor- 
acceptor  band  or  the  bound  exciton  peaks.  Quantitative  measurement  of  shal¬ 
low  impurity  concentration  by  PL,  which  is  common  for  Si,  is  still  elusive  for 
CdZnTe  materials  and  needs  further  research. 


rHFth.y  rpM 


(a)  (b) 

Figure  16.  Low  temperature  PL  spectra  on  samples  from  (a)  tip  and  (b)  tail 
end  of  a  boule  that  showed  free  carrier  absorption. 


REPRODUCIBILITY  OF  BOULE  QUALITY 

Assessing  the  current  status  of  these  crystals,  although  large-area  sin¬ 
gle-crystal  substrates  of  CdTe,  CdZnTe,  and  CdTeSe  with  excellent  quality  are 
achieved,  a  major  issue  still  remains  that  affects  the  reproducibility  of  sub¬ 
strate  quality.  Based  on  numerous  growth  results  in  recent  years  at  SBRC,  it 
is  found  that  once  the  crystal  growth  conditions  were  optimized,  a  major  fac¬ 
tor  affecting  the  single-crystal  quality  is  the  quality  of  the  elemental 
starting  materials.  Starting  materials  as  received  from  commercial  sources 
has  been  found  to  be  variable.  Reduced  purity  of  input  raw  materials  (Cd,  Te, 
Zn,  Se)  has  affected  the  substrate  quality  in  two  ways:  (1)  reduced  optical 
transmission  and  (2)  higher  density  of  twins  and  microtwins.  Both  effects  can 
limit  the  usable  single-crystal  yield  in  a  boule. 

Presence  of  excess  substitutional  impurities  in  a  boule  can  give  rise  to 
free  carrier  absorption  as  discussed  before.  Additionally,  impurities,  ox¬ 
ides,  or  particulates  such  as  carbon  -  which  is  sometimes  detected  in  large 
concentrations  in  the  substrate  can  initiate  twins  and  microtwins  during  crys¬ 
tal  growth  in  these  materials.  In  the  diamond  or  zinc  blend  structure,  such 
as  in  these  II-VI  crystals,  twinning  is  always  observed  with  one  of  the  {111} 
family  of  lattice  planes  acting  as  a  twin  plane.  There  are  four  types  of  such 
octahedral  planes  belonging  to  the  same  family  included  at  70®  32'  to  each 
other.  Twinning  about  a  {1111  plane  is  a  simple  stacking  fault.  It  is  char¬ 
acterized  by  a  perfect  fit  of  the  lattices  on  either  side  of  the  fault;  i.e., 
it  leaves  all  distances  between  nearest  neighbors  and  all  bond  angles  undis¬ 
turbed.  Very  little  energy  is  therefore  required  to  initiate  twinning,  only 
that  due  to  interaction  between  second-nearest  neighbors.  Therefore,  a  single 
crystal  growing  with  a  certain  crystallographic  orientation  can  swing  readily 
over  to  one  of  four  other  orientations  by  this  mechanism.  Since  very  little 
energy  is  required  to  initiate  such  a  twin,  small  sudden  temperature  fluctua¬ 
tions  in  the  melt  or  local  disturbances  at  the  interface,  such  as  those  caused 
by  the  presence  of  foreign  particles  or  excess  solute  species  might  initiate 
twins  in  these  materials. 
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Thus  reliability  of  quality  (purity)  of  input  raw  materials  needs  to  be 
improved  to  assure  improved  reproducibility  of  boule  quality  in  these  materi¬ 
als  . 


PROSPECTS 

Large-area  single  crystals  of  Cdg  9gZno .04*^®  CdTOQ . 96Seo . 04  with  low 
defect  density  are  required  as  substrates  for  large-scale  production  of  high- 
quality  epitaxial  HgCdTe  layers  for  hybrid  focal  plane  arrays  in  the  infrared 
detector  industry.  Bulk  substrates  of  CdZnTe  continues  to  play  a  major  role 
in  HgCdTe  epitaxy  either  by  liquid  phase  epitaxial  (LPE)  or  vapor  phase  epi¬ 
taxial  (VPE)  techniques  such  as  MOCVD  or  MBE,  despite  future  trend  toward  al¬ 
ternative  "foreign"  substrates,  viz,  AI2O3,  GaAs,  or  Si. 

As  reviewed  in  previous  sections  the  qpjality  and  single  crystal  size  of 
both  CdZnTe  and  CdTeSe  have  inproved  significantly  in  recent  years  to  provide 
impetus  for  further  development  of  these  materials  in  bulk  crystal  form.  Of 
particular  significance  is  the  improvement  in  structural  quality  as  measured 
by  x-ray  topography  and  x-ray  rocking  curve  analysis.  X-ray  rocking  curve 
FWHM  as  low  as  8  arc-sec  and  with  a  typical  value  of  ^  20  arc-sec  and  excel¬ 
lent  uniformity  have  been  achieved  in  these  materials.  These  results  are  com¬ 
parable  to  that  of  bulk  GaAs.  Improvements  in  compositional  uniformity  in 
CdTeSe  compared  with  CdZnTe  have  shown  corresponding  improvement  of  structural 
uniformity  in  epitaxial  HgCdTe  layers  grown  by  VLPE. 

The  aforementioned  irrprovements  in  crystal  quality  and  size  is  at¬ 
tributed  to  a  combination  of  several  parameters  established  experimentally  and 
through  the  aid  of  a  numerical  thermal  model  of  the  growth  process.  The  crit¬ 
ical  parameters  are:  favorable  solid-liquid  interface  shape,  promoting  grain 
selection;  improved  terrperature  stability  with  time  in  the  melt  zone  (±  0.1  to 
0.2‘’C);  axial  temperature  uniformity  in  the  melt  zone  (approximately  3*^0  maxi¬ 
mum  variation  over  €  inches) ;  low  axial  temperature  gradient  at  the  growth 
interface  (<  15®C/in.);  and  low  furnace  travel  rate  (^  1  mm/h) . 

However,  reproducibility  of  boule  quality  still  remains  a  critical  is¬ 
sue,  Analysis  of  boule  growth  results  at  SBRC  points  toward  a  strong  correla¬ 
tion  of  boule  quality  with  starting  raw  materials. 

As  discussed  in  the  previous  section,  excess  impurities  by  themselves  cr 
in  the  form  of  oxides,  can  degrade  substrate  quality  as  well  as  single  crystal 
yield  in  a  boule.  Thus  for  improvement  in  reproducibility  of  boule  quality, 
it  is  imperative  that  the  reliability  of  starting  material  (purity)  is  as¬ 
sured  . 
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ABSTRACT 

Methods  used  to  grow  bulk,  CdTe  crystals,  effects  of 
alloying  on  their  perfection  and  typical  single  crystal 
properties  are  reviewed  in  this  paper.  Crystals  grown  by  a 
modified  horizontal  Bridgman  technique  have  lower  dislocation 
densities  than  those  grown  by  a  modified  vertical  Bridgman 
method.  Dislocation  densities  of  the  order  of  'IxlO^/cm^  have 
been  observed  in  CdTeSe  crystals  grown  by  the  former  technique. 
Due  to  the  difference  in  the  distribution  coefficients  of  Zn  and 
Se  in  CdTe,  CdTeSe  ingots  are  chemically  more  uniform  than  CdZnTe 
ingots.  Purity  studies  of  starting  materials  indicate  that  Se 
substitutions  may  introduce  more  impurities  than  Zn  additions. 

INTRODUCTION 

CdTe  and  CdTe  alloys  are  used  as  substrates  to  grow  HgCdTe, 
HgZnTe  and  HgMnTe  epitaxial  layers.  These  epitaxial  materials 
are  being  developed  for  infrared  detection  and  optoelectronic 
applications.  Although  HgCdTe  can  be  grown  by  bulk  crystal  growth 
methods  [1,2],  the  demand  for  large-area  infrared  (IR)  devices 
has  increased  dependence  on  epitaxial  HgCdTe  to  produce  large 
scale,  detector  grade  material.  A  variety  of  epitaxial  growth 
techniques,  such  as  liquid  phase  epitaxy  (LPE) ,  organo-metallic 
vapor  phase  epitaxy  (OMVPE) ,  and  molecular  beam  epitaxy  (MBE) , 
have  been  used  to  deposit  epitaxial  layers.  In  addition,  since 
the  perfection  of  CdTe  substrates  is  not  very  high,  alternative 
substrates,  InSb,  GaAs,  and  Si,  have  been  used.  However,  CdTe 
and  CdTe  alloys  have  the  advantage  of  chemical  compatibility  and 
closer  lattice  match. 

BULK  CRYSTAL  GROWTH 

It  is  well  documented  that  the  performance  of 
heterostructure  devices  is  strongly  influenced  by  the  quality  of 
the  underlying  substrate  [3].  Dislocations  present  in  the 
substrates  are  observed  to  be  replicated  into  epitaxial  layers 
grown  by  MBE  [4],  OMVPE  [5],  and  LPE  [6].  Therefore  in  addition 
to  growing  large  area  single  crystals,  a  bulk  crystal  growth 
method  should  be  optimized  to  produce  material  with  low 
dislocation  density,  high  IR  transmission,  high  resistivity,  and 
absence  of  second  phase  particles.  Vertical  Bridgman  with 
Overpressure  (VBOP)  and  Horizontal  Bridgman  with  Overpressure 
(HBOP)  have  the  advantages  of  producing  large  area,  high  quality, 
and  stoichiometric  crystals  as  compared  to  the  three  other  growth 
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techniques  -  heat  exchanger  method  (HEM),  traveling  heater  method 
(THM)  and  high  pressure  Bridgman.  THM  offers  the  advantage  of 
lower  processing  temperatures  to  produce  a  "purer"  material. 
This  method  has  been  used  advantageously  in  the  growth  of 
Cdf.jjMnjjTe,  where  x  >  0.15,  to  avoid  a  high  temperature  hexagonal 
to  cubic  phase  transformation  which  leads  to  extensive  twinning 
[7]  . 

A  schematic  of  a  VBOP  furnace  is  shown  in  Figure  1.  The 
furnace  contains  ten  independently  controlled  thermal  zones  with 
a  heat  pipe  providing  additional  stability  in  the  overpressure 
control  zone.  The  ampoule  is  positioned  on  a  vibration  free 
stand  and  remains  stationary  during  growth.  The  furnace  travels 
at  a  speed  of  0.5-5mm/hr  with  a  temperature  gradient  of 
4-8 "C/ cm.  The  temperature  gradient  and  overpressure  control 
during  growth  and  cooldown  are  critical  operating  parameters 
which  influence  defect  density  and  stoichiometry  of  the  crystals. 
Ingots  grown  to  date  have  diameters  of  60  to  7  5mm  and  masses 
between  1.2  and  2.5kg.  The  largest,  rectangular  single  crystals 
we  have  fabricated  from  VBOP  ingots  had  areas  of  40mmx60mm  or 
50mmx50mm. 
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Figure  1.  Schematic  of  a 
multizone  VBOP  furnace. 
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A  schematic  of  an  HBOP 
furnace  is  shown  in  Figure  2. 
The  furnace  has  10 
independently  controlled  zones 
in  addition  to  an  overpressure 
zone  containing  a  heat  pipe. 
One  advantage  of  HBOP 
technique  as  compared  to  VBOP 
technology  is  that  there  is  no 
ampoule  confinement  on  top  of 
the  melt.  This  leads  to  lower 
thermomechanical  stress  in 
that  direction.  In  addition, 
we  use  a  gradient  freeze 
technique  so  that  neither  the 
crystal  or  furnace  are  in 
motion  during  growth.  By 
using  this  horizontal 
technique,  we  have 
consistently  grown  crystals 
with  lower  dislocation 
densities  than  by  our  vertical 
technique.  Currently,  the 
ingots  are  50mm  diameter  half- 
round  and  weigh  approximately 
700g.  The  largest  rectangular 
single  crystal  fabricated  had 
an  area  of  20mmx30mm. 


Figure  2.  Schematic  of  a 
multizone  HBOP  furnace. 
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EFFECTS  OF  ALLOYING  CDTE 

Lattice  Matching 

The  benefits  of  lattice  matching  include  improved  epilayer 
morphology,  decrease  in  misfit  dislocation  densities,  and  reduced 
epilayer  strain  [8].  Because  the  binary  compounds  CdTe,  ZnTe, 
CdSe,  ZnSe  and  MnTe  are  highly  miscible  in  one  another,  nearly 
any  desired  value  of  band  gap  or  lattice  parameter  can  be 
achieved.  The  lattice  constant  of  CdTe  is  a|^=6.482A,  mismatched 
by  approximately  0.3%  with  respect  to  HgQ  2^®'  aQ=6.464  A 

[9].  A  region  of  high  dislocation  density  is  known  to  exist  at 
the  HgCdTe/CdTe  interface  [10].  if  Zn  and/or  Se  are  alloyed  with 
CdTe,  the  lattice  constant  is  decreased  from  6.482A  and  can  be 
adjusted  to  equal  that  of  the  HgCdTe  composition.  Lattice 
parameter  as  a  function  of  alloy  composition  for  CdZnTe  and 
CdTeSe  can  be  written  as: 


Cdi_yZnyTe: 

=  6.482 

CdTei_wSe^,j: 

=  6.482 

0. 381y 

(1) 

0.3987W 

(2) 

as  in  references  [11]  and  [12],  By  combining  (1)  and  (2),  the 
lattice  parameter  of  CdZnTeSe  can  be  expressed  as: 


Cdj_yZnyTej_„Sej^:  a^  =  6.482  -  0.381y  -  0.3987W  (3) 

We  have  grown  two  CdZnTeSe  ingots.  The  lattice  parameters 
measured  agree  with  this  equation  to  within  +  0.03%  [13]. 

Segregation  Effects 

When  growing  an  alloy  such  as  CdZnTe  or  CdTeSe,  one  must 
study  the  effects  of  solute  distribution  in  order  to  approximate 
the  alloy  concentration  relative  to  the  volume  fraction 
solidified.  We  assume  normal  freezing  and  use  Pfann's  equation: 

C  =  kCj3(l-g)'^-l  (4) 

where  C  is  the  concentration  of  the  freezing  material,  C^  is  the 
nominal  concentration,  g  is  the  fraction  solidified,  and  k  is  the 
effective  distribution  coefficient  [14].  If  k=l  then  C=Cq,  and 
the  alloy  concentration  remains  constant  and  equal  to  that 
loaded.  We  have  measured  the  chemical  concentration,  calculated 
k,  and  measured  the  lattice  parameter  of  samples  from  CdZnTe  and 
CdTeSe  ingots  [13].  Chemical  concentration  was  measured  by 
direct  current  plasma  emission  spectrometry  and  lattice  parameter 
was  measured  with  a  Siemens  D500  diffractometer. 

Samples  from  a  Cdj_yZn„Te  ingot,  where  the  nominal  Zn 
concentration  was  equal  to  0.045,  were  selected  on  the  basis  of 
fraction  solidified.  The  chemical  concentration  was  measured 
and  plotted  as  shown  in  Figure  3.  The  distribution  coefficient, 
k,  was  calculated  to  be  approximately  1.1.  It  is  interesting  to 
note  that  the  first  data  point,  where  the  fraction  solidified  was 
close  to  10%,  is  very  close  to  the  nominal  Zn  concentration  that 
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was  loaded.  This  indicates  that  non-equilibrium  freezing  is 
likely  to  have  occurred.  We  have  measured  other  k  values  for  Zn 
in  CdTe  and  find  them  to  be  in  the  range  of  1.1-1.25.  The 
lattice  parameter  was  measured  for  samples  companion  to  the 
chemical  samples.  Lattice  parameter  vs.  chemical  concentration 
is  plotted  in  Figure  4.  Although  the  data  does  not  fit  exactly 
with  equation  (1)  ,  we  feel  that  the  equation  can  be  used  as  a 
first  approximation  in  determining  the  nominal  Zn  concentration 
needed  for  lattice  matching. 


k=l.ll.  Co  =  4.5  Fraction  SolidiHctl,  g 

*  Ingot  4667,  Actual  Zn  % 


0  0.02  0.04  0.06  0.08 

Value  of  y  in  Cd,.,Za,Te 


Figure  4.  Lattice  parameter  vs.  chemical  composition  of  a 
Cd^ jjsZn^O^jTe  ingot. 

The  chemical  concentrations  of  samples  from  a  CdTe 
ingot,  where  the  nominal  concentration  of  Se  was  equal  to  0.04, 
were  also  measured  and  the  results  plotted  in  Figure  5.  We 
calculated  k  to  be  «  0.97.  Figure  6  is  a  plot  of  the  lattice 
constants  measured  for  the  companion  samples.  With  the  exception 


of  one  datum  point  the  results  closely  agree  with  those  predicted 
from  equation  (2) . 

Figure  7  is  a  plot  of  lattice  constant  vs.  chemical 
composition  for  a  Cdj^_yZnyTej^_ySey  ingot  where  y  =  w  =  0.02.  We 
conclude  that  Cdj^_yZnyTej^_„Se^^  can  be  used  as  an  effective 
lattice  matching  alloy. 


0  0.2  O.i  0.0  0.g  1.0 


Fnatao  Midifkd.  I  —  Co>i.l 

^  iDtM  i7M.  Aoiial  St  \ 

Figure  5.  Distribution  of  Se  in  a  CdTe  ingot. 


Value  of  w  la  CdTe,..Se. 

Figure  6.  Lattice  parameter  vs.  chemical  composition  of  a 
CdTe^gj^Se  04]^  ingot. 
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Recently,  there  has  been  a  limited  requirement  for  lattice 
matched  substrates  for  HgZnTe  [15].  This  alloy,  analogous  to 
HgCdTe,  can  be  "tuned"  to  yield  semiconductors  with  a  band  gap 
that  reduces  to  zero  at  an  intermediate  alloy  concentration. 
Cdj^.yZnyTe  substrates,  where  0.20  <  y  <  0.24,  are  lattice  matched 
to  Hgj^_jjZnjjTe,  where  0.16  <  x  <  0.19.  Chemical  composition 
measurements  of  samples  from  a  CdpgZnQ^Te  ingot  were  plotted 
and  k  was  calculated  to  be  1.25. 

strengthening 

In  addition  to  changing  the  lattice  constant  of  CdTe,  the 
addition  of  Zn  and/or  Se  strengthens  the  material.  Mechanisms 
for  alloy  strengthening  have  been  modeled  by  Sher  and  co-workers 
using  bond  length  and  energy  changes  of  the  constituents  relative 
to  p'.re  crystal  values  [16].  The  shorter  bond  length  of  ZnTe 
increases  the  dislocation  energy  and  the  hardness  of  CdZnTe 
alloys.  We  have  found  that  CdZnTe  and  CdTeSe  crystals  grown  at 
II-VI  Incorporated  are  harder  and  have  lower  etch  pit  densities, 
as  revealed  by  the  Nakagawa  etch  [17], than  CdTe  grown  under 
similar  conditions.  A  cellular  dislocation  structure,  due  to 
glide  and  climb  caused  by  thermal  gradient  induced  stresses,  is 
less  pronounced  with  CdTe  containing  Zn  [18]  and/or  Se. 
Epitaxial  crystal  growth  on  these  substrates  with  lower 
dislocation  densities  has  resulted  in  films  with  superior 
crystallinity  and  morphology  [19]. 

Purity 


The  purity  of  Cd  and  Te  has  been  extensively  studied  and 
reported  [20] .  However,  the  purity  levels  of  Zn  and  Se  are  not 
as  well  documented.  Glow  Discharge  Mass  Spectrometry  (GDMS) 
provides  detection  limits  for  most  elements  on  the  order  of  one 
to  fifteen  parts  per  billion  atomic  (ppba)  with  accuracies  of 
+  20%  [21].  Trace  Elements  via  Solid  Sampling  Analysis  (TESSA) 
is  a  reengineered  Graphite  Furnace  Atomic  Absorption  (GFAA) 
technique.  One  advantage  of  TESSA  is  that  it  requires  no  special 
sample  size.  However,  a  broad  elemental  survey  by  this  technique 
would  be  very  expensive.  The  TESSA  technique  has  detection 
limits  of  10-100  ppba  for  most  elements  with  accuracies  of  +  20% 
[22]. 

The  Zn  which  we  utilize  in  our  CdZnTe  ingots  is  sublimed 
with  Te  to  form  ZnTe  in  a  process  separate  from  the  crystal 
growth.  The  Se  is  either  reacted  with  Cd  to  produce  CdSe  prior 
to  growth  or  purchased  in  the  form  of  a  sublimed,  solid  CdSe 
material.  Zn,  Te,  sublimed  ZnTe,  Cd,  reacted  CdSe  and  sublimed 
CdSe  were  submitted  for  GDMS  analysis  to  Charles  Evans  &  Assoc., 
Redwood  City,  CA  for  a  66  elemental  impurity  survey.  Because  of 
the  shape  of  the  Se  material  the  fabrication  of  a  pin  was 
impossible  and  the  GDMS  technique  could  not  be  used.  We  submitted 
the  Se  sample  to  VHG  Labs,  Manchester,  N.H.  for  TESSA 
determination  of  3  elemental  impurities.  The  raw  Cd  and  Se 
materials  used  in  the  sublimed  CdSe  were  not  available  for 
analysis.  Results  of  the  purity  testing  are  shown  in  Table  I. 
The  major  impurities  in  the  Se  were  Fe  and  Si  and  these  were 
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present  in  the  reacted  CdSe.  The  major  impurity  in  the  sublimed 
CdSe  was  S  and  it  is  unknown  if  this  was  present  in  the  starting 
material  or  was  introduced  during  the  sublimation  process. 

TABLE  I.  PURITY  OF  ALLOY  STARTING  MATERIALS  (PPHA) 


Impurity 

Zn-*- 

Te^ 

ZnTe^ 

(sublimed) 

Cd^ 

Se"^ 

CdSe^ 

( reacted) 

CdSe^ 

(sublimed) 

Li 

ND 

ND 

.  36 

ND 

NM 

ND 

ND 

B 

0.02 

ND 

0.04 

0.02 

NM 

0.07 

0.18 

Na 

0.02 

0.32 

ND 

0.01 

NM 

1 .33 

.07 

Mg 

ND 

0.01 

0.03 

ND 

NM 

0.02 

0.02 

A1 

0.01 

0.13 

0.08 

0.01 

NM 

0.20 

0.03 

Si 

0.04 

0.01 

0. 16 

0.03 

11.52 

3 . 00 

ND 

P 

ND 

ND 

ND 

0.003 

NM 

ND 

ND 

S 

ND 

ND 

ND 

0.004 

NM 

1 .70 

10.15 

K 

ND 

0.04 

0.02 

ND 

NM 

ND 

0.001 

Ti 

0.001 

0.02 

ND 

ND 

NM 

0.28 

ND 

Cr 

ND 

ND 

ND 

ND 

NM 

0.01 

0.08 

Mn 

ND 

ND 

ND 

ND 

NM 

0. 14 

ND 

Fe 

0.05 

0.004 

0.13 

ND 

8.34 

3.77 

0.23 

Ni 

ND 

0 .01 

0.01 

ND 

NM 

0.05 

0.07 

Cu 

ND 

ND 

0.36 

0.01 

NM 

0.23 

ND 

Zn 

- 

ND 

- 

0.03 

NM 

0.44 

2.63 

G3 

ND 

ND 

0.05 

ND 

NM 

0.008 

0.052 

Ge 

ND 

ND 

ND 

ND 

NM 

ND 

0.08 

Se 

ND 

0.60 

0.98 

ND 

- 

- 

- 

Te 

ND 

■ 

■ 

ND 

0.37 

0.54 

5.26 

Total 

0.15 

1.15 

2.22 

0.11 

20.24 

11.52 

18.85 

^  GDMS  -  66  elements  surveyed 
^  TESSA  -  3  elements  surveyed 
ND  -  Not  Detected 
NM  -  Not  Measured 


CHARACTERIZATION 

Single  Crystal  Properties 

IR  spectrometry,  chemical  etching,  microhardness,  double 
crystal  x-ray  dif fractometry ,  and  IR  microscopy  are  used  to 
characterize  CdTe  and  CdTe  alloys.  Table  II  compares  4  different 
materials  grown  by  either  vertical  Bridgman  (VB)  or  horizontal 
Bridgman  (HB)  methods  with  typical  attainable  properties. 
Dislocation  density  is  lowered  with  the  addition  of  Zn  or  Se  and 
hardness  is  increased.  HBOP  CdTeSe  consistently  has  the  lowest 
dislocation  densities  and  the  sharpest  double  crystal  rocking 
curves.  We  believe  this  is  due  to  the  addition  of  Se  combined 
with  the  modified  horizontal  Bridgman  growth  process. 


VB 

CdTe 

VB 

Cd,_  Zn  Te 
y  a  o.cr45 

VB 

Cdi-yZnyTe 

y  a-' 0.2  0 

HB 

CdTe3^_„Se„ 
W  a  .043 

IR  Transmission 
(2.5  -  25Mra) 

>  50% 

>  50% 

>  50% 

>  50% 

Nakagawa  Etch 

Pit  Density 
(X  10‘*/cm^) 

20-50 

4-20 

5-7 

.1-6 

DCRC 

FWHM  (arcsec) 

CuKa  (333)  or  (400) 
2mm  X  2mm  spot  size 

13-150 

10-100 

13-100 

8-30 

Microhardness 
(Knoop  50g) 

45 

54 

90  (tip) 

80  (heel) 

54 

Photoluminescence 

Photoluminescence  (PL)  has  proven  to  be  a  powerful  technique 
for  assessing  the  quality  of  semiconducting  materials.  It  can  be 
used  to  determine  the  band  gap  of  the  material,  making  it  useful 
in  determining  the  composition  of  ternary  alloys  such  as  CdZnTe. 
It  can  be  used  to  determine  the  nature  and  identity  of  impurities 
in  the  material.  In  addition,  such  information  as  PL  linewidths 
and  intensities,  the  presence  of  strong  phonon  replication,  and 
the  presence  of  deep  level  "defect-band"  emission  is  useful  in 
determining  the  structural  perfection  of  semiconductor  crystals. 
In  general,  narrow  linewidths,  strong  phonon  replication  and  the 
absence  of  deep  level  emission  indicate  a  high  degree  of 
structural  perfection. 

One  of  the  effects  of  increasing  the  Zn  content  in  CdTe  is 
the  shift  in  band  gap  to  increasingly  higher  energies.  The  Zn 
concentration  in  Cdj^_„ZnyTe  can  be  determined  from  the 
luminescence  data  using  the  following  equation; 

FE  (5°K,  y)  =  1.5964  +  0.445y  +  O.lSy^  (eV)  (5) 

where  FE  is  the  peak  position  of  the  free  exciton  and  y  is  the 
molar  fraction  of  Zn.  This  formula  is  a  modification  of  a 
previously  reported  equation  written  for  80'K  [23].  The  free 
excitons  (FE)  represent  the  lowest  intrinsic  excitation  energy  of 
electrons  and  holes  in  pure  materials  at  low  excitation  density. 
This  intrinsic  recombination  is  seldom  the  dominant  process  at 
low  temperatures.  The  presence  of  impurities  in  most 
semiconductors  is  unavoidable  and  extrinsic  recombinations  (bound 
excitons)  are  usually  dominant.  Figure  8  is  a  characteristic 
spectrum  of  a  Cd2^_„Zn  Te  substrate.  At  1.6188,  the  free  exciton 
peak  can  be  observed.  Using  equation  (5)  ,  the  peak  energy 
corresponds  to  y  a  0.05.  In  order  to  identify  the  rest  of  the 
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peaks,  the  assumption  is  made  that  they  are  related  to  the 
corresponding  peak  positions  in  CdTe  shifted  in  energy  by 

approximately  the  same 
amount  as  the  free 
exciton.  The  near  edge 
region  is  dominated  by 
two  bright  narrow 

excitonic  peaks.  The 

peak  at  1.614  4eV  can  be 
identified  as  a  neutral 
donor-bound  exciton 

(D°,x).  The  emission 

line  at  1.6106  is  in  the 
region  for  a  neutral 
acceptor-bound  exciton 
(A°,x).  These  peaks  are 
quite  bright  and  sharp, 
having  FWHM ' s  of  1 . OmeV 
and  2 . 6meV  respectively. 
Sharp  excitonic  lines 
such  as  these  are  typical 
of  high  quality  bulk 
CdZnTe.  At  1.5972eV  and 
1.5890eV  the  first  order 
LO-phonon  replicas  for 
the  free  exciton  and 
(A°,x)  transition  can  be 
observed.  Further  below 
the  han>‘’  rdgi,  =>  noai-  ar 
1.5602eV  is  present, 
accompanied  by  first  and 
second  order  LO-phonon 
replicas.  This  peak  is 
in  a  position  that 
suggests  it  could  be  due  to  donor-to-acceptor  pair  recombination 
(DAP) .  However,  a  more  thorough  study,  one  that  includes  power 
and  temperature  dependence  measurements,  is  needed  to  further 
clarify  this  identification. 


Figure  8. 


of 


Characteristic  FL  spectrum 
a  CdZnTe  substrate. 


INFRARED  MICROSCOPY 


Precipitates  form  in  CdTe  and  CdTe  alloys  during  cooling  of 
the  crystals  from  high  temperatures  due  to  retrograde  solubility 
of  Te  in  CdTe.  The  size  and  density  of  these  precipitates  vary 
from  ingot  to  ingot.  It  is  desirable  to  minimize  the  formation  of 
precipitates  as  they  may  be  responsible  for  epitaxial  defects  if 
they  are  present  on  the  growth  surface.  Infrared  (IR) 
transmission  optical  microscopy  is  a  technique  used  to  non- 
destructively  view  bulk  material  that  is  transparent  in  a 
particular  wavelength  range.  Precipitates  that  are  opaque  to  IR 
light  are  photographed  as  dark  shapes  against  the  IR  transparent 
matrix.  The  resolution  of  the  microscope  is  l)jm  at  400X. 
Figure  9  is  a  group  of  micrographs  from  four  different  samples. 
To  date,  we  have  been  more  successful  at  controlling  precipitate 
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size  and  density  by  HBOP  as  compared  to  VBOP  possibly  due  to  the 
geometry  and  smaller  mass  of  HBOP  ingots. 


"Clear"  "Star"  ‘’Trianqte"  "Linear" 

Figure  9.  Variety  of  infrared  opaque  precipitates  and 
clear  region. 

TRANSMISSION  ELECTRON  MICROSCOPY  fTEM^ 

In  order  to  better  understand  the  chemistry  and  nature  of  IR 
opaque  precipitates,  samples  were  examined  in  a  Philips  EM420 
electron  microscope  operating  at  120keV.  Samples  for  TEM  were 
polished  mechanically  followed  with  a  thinning  procedure  using  1% 
bromine  in  methanol  solution. 

Figure  10  is  an  electron  micrograph  obtained  from  a  CdTe 
specimen.  This  is  an  example  of  an  array  of  dislocations 
associated  with  a  slip  band.  The  dislocations  in  this 
configuration  are  nearly  all  parallel  and  most  of  them  have  the 
same  Burgers  vector.  Contrast  analyses,  perfcr..'.ed  from  weak  beam 
and  bright  field  images  using  different  diffraction  vectors,  hei.e 
revealed  that  dislocations  are  dissociated  into  two  Shockley 
partials  having  Burgers  vectors  of  the  type  a/6<112>.  A  stacking 
fault  fringe  contrast  is  observed  at  F.  The  small  particles 
exhibiting  black  contrast  are  precipitates  in  the  matrix  of  CdTe. 
On  the  basis  of  selected  area  electron  diffraction,  these 
particles  have  been  identified  as  Te  precipitates.  This  is 
consistent  with  earlier  published  results  [24,25,26].  Under  the 
appropriate  diffracting  condition.  Moire  fringes  are  seen  in  some 
of  the  Te  precipitates.  This  is  a  result  of  differences  in  the 
structure  factors  between  precipitate  and  matrix.  Figure  11  is  an 
example  of  stress-induced  dislocations.  Contrast  analyses, 
performed  from  weak  beam  and  bright  field  images  using  different 
diffraction  vectors,  have  shown  that  dislocations  are  also 
dissociated  into  Shockley  partials.  Observation  of 

dislocations  as  seen  in  Figures  10  and  11  indicates  that  the 
crystal  experiences  thermal  gradient  induced  stresses  during 
cooling,  and  this  causes  slip  to  occur  on  parallel  slip  planes. 

SUMMARY 

CdTe  and  CdTe  alloys  grown  by  VBOP  and  HBOP  methods  are  used 
as  substrates  for  epitaxial  growth  of  HgCdTe  and  HgZnTe.  With 
the  addition  of  Zn  and/or  Se,  the  lattice  constant  of  CdTe  is 


reduced  leading  to  improved  lattice  matching.  Due  to  segregation 
effects,  a  CdTeSe  ingot  has  a  more  uniform  chemical  composition 
than  a  CdZnTe  ingot.  Zn  and/or  Se  strengthen  the  CdTe  matrix 
resulting  in  harder  materials  with  lower  dislocation  densities. 
To  date,  the  lowest  dislocation  densities  and  the  sharpest 
rocking  curves  have  been  found  in  HBOP  CdTeSe  material.  Purity 
testing  shows  that  Se  is  contributing  more  impurities  to  the 
matrix  as  compared  with  Zn.  Photoluminescenca  can  be  used  to 
assess  the  guality  and  determine  alloy  concentration  in 
Cd-]^_yZn„Te.  TEM  has  been  used  to  identify  Te  precipitates. 
Dislocation  arrays  suggest  the  presence  of  thermal  gradient 
induced  stress  during  crystal  growth. 
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ABSTRACT 

The  native  defects  introduced  by  Brj/CH^OH  etching  and  aging 
under  atmospheric  conditions  have  been  investigated  in  In  doped, 
bulk  CdTe  using  photoluminescence  (PL)  spectroscopy.  The 
results  indicate  a  large  enhancement  of  the  Cd  vacancy  related 
1.5896  eV  excitonic  feature  with  chemical  treatment  and  aging. 
Hence,  the  primary  perturbation  is  interpreted  to  be  a  small  loss 
of  Cd  within  the  sampling  region.  This  result  is  compared  and 
contrasted  with  previous  studies  of  etching  induced 
modifications.  The  implications  of  Cd  depletion  on  interpreting 
PL  spectra,  device  processing  and  long  term  stability  are 
considered. 


INTRODUCTION 

The  presence  of  native  defects  such  as  vacancies, 
interstitials,  etc.  can  have  a  significant  influence  on  the 
electronic  behavior  of  semiconductor  materials.  However, 
detection  of  specific  defects  and  studying  their  microscopic 
properties  is  nontrivial.  The  traditional  methods  of  microscopic 
chemical  detection  is  inapplicable;  and  an  indirect  study  of 
properties  such  as  the  transport  behavior  lacks  sufficient 
information  on  both  the  microscopic  details  and  spatial 
resolution.  Photoluminescence  (PL)  spectroscpopy ,  in  comparison, 
is  almost  ideal  for  this  study  since  sharp  well  defined  optical 
features  associated  with  many  native  defects  can  be  investigated 
with  acceptable  spatial  resolution.  It  is  the  intent  of  this 
paper  to  provide  examples  of  the  applicability  of  PL:  the  results 
of  an  investigation  of  the  native  defects  introduced  as  a  result 
of  chemical  treatment  and  aging  in  CdTe  are  presented.  The 
results  are  also  important  in  improving  the  capability  of  PL  in 
the  analysis  of  defects  in  CdTe  since  it  identifies  those 
features  introduced  as  a  result  of  the  modification  of  the 
surface  region. 

Chemical  etching  is  widely  used  for  cleaning  semiconductor 
surfaces  and  in  processing  applications.  Deleterious  effects  may 
be  caused  as  a  result  and  hence,  it  is  important  to  understand 
the  consequences  to  the  near  surface  region  and  perturbations  in 
the  physical  properties  of  the  sample. 

Several  previous  investigators  have  used  photoluminescence 
(PL)  to  study  the  electronic  behavior  of  impurities,  dopants  and 
electrically  active  native  defects  in  CdTe  [1-12].  However,  the 
results  can  be  ambiguous.  Residual  impurities,  self  compensating 
native  defects  [2]  and  those  introduced  as  a  result  of  the 
chemical  treatment  may  interfere  with  the  interpretation. 

A  large  proportion  of  the  published  results  on  bulk  CdTe  used 
surfaces  that  were  chemically  etched,  the  most  common  etchant 
being  a  solution  of  Br2  and  CH^OH  with  concentrations  in  the 
range  of  0.1  to  20%  by  volume.  It  is  well  known  that  Br2/CH20H 


Mat.  Ret.  Soc.  Symp.  Proc.  Vol.  161.  '^1990  Meterlalt  Reaaarch  Society 


28 


leads  to  a  preferential  loss  of  Cd  from  the  surface  region  [14- 
16].  In  comparison  to  earlier  conclusions,  the  results  of  this 
study  strongly  suggest  that  the  depletion  of  Cd  may  extend  deeper 
than  the  ~  lOA  previously  expected  [14,15]  and  is  likely  to 
modify  the  electronic  behavior  of  the  surface  region.  The 
inherent  ability  of  PL  in  detecting  very  small  quantities  of  an 
impurity  or  native  defect  in  a  large  matrix  should  be  contrasted 
with  the  capability  techniques  such  as  XPS,  Raman  scattering  and 
ellipsometry  which  are  sensitive  to  large  stoichiometric  changes 
over  relatively  thin  regions. 

The  investigation  is  confined  to  the  near  edge  region  of  1.55 
to  1.61  eV.  In  the  samples  used  in  this  study,  a  sharp  peak  at 
1.5896  eV,  at  lOK,  is  shown  to  increase  significantly  in 
intensity  after  the  Br2/CH20H  etch.  This  feature  has  been 
observed  previously  and  assigned  to  originate  from  an  exciton 
bound  to  a  neutral  Cd  vacancy  or  a  complex  defect  involving  a  Cd 
vacancy  [3-5].  Hence  our  results  strongly  suggest  that  Cd 
vacancies  are  being  introduced  into  the  near  surface  region  by 
the  chemical  treatment.  Samples  that  were  stored  for  several 
weeks  without  any  chemical  treatment  were  also  observed  to  form  a 
Cd  vacancy  feature.  Implications  of  these  results  on  the 
spectroscopic  behavior,  device  fabrication  and  long  term 
stability  of  CdTe  are  considered  in  the  following  sections. 


II  EXPERIMENTAL  DETAILS 

The  PL  measurements  were  conducted  in  a  conventional 
facility  that  used  a  spectrometer  with  a  resolution  of  0.1  meV. 
The  excitation  was  provided  by  a  6328A  He-Ne  laser  line  with  a 
power  density  of  40  mW.cm”^  at  the  sample  surface.  The 
measurements  reported  were  performed  in  the  temperature  range  of 
8  -  40K. 

The  samples  used  were  grown  by  the  Bridgman  method  and  were 
doped  with  In  to  a  density  of  "  1x10^^  cm”’.  Large  slices  with 
(111)  oriented  parallel  faces,  cut  from  the  ingot,  were  cleaved 
to  expose  the  (110)  just  prior  to  the  measurement  or  chemical 
treatment.  Cleaving,  chemical  etching  and  loading  of  the  samples 
in  the  dewar  were  all  performed  in  an  inert  atmosphere  of  Ar  or 

Nj  [16]. 

The  Br2/CH20H  etch  solution  concentrations  used  were  0.5,  2 
and  5%  by  volume.  Post  treatment  of  the  samples  with  IN 
KOH/CH^OH  which  is  known  to  remove  the  surface  Te  layer  [14]  was 
also  investigated.  The  effects  of  aging  was  investigated  by 
rerecording  the  PL  spectrum  from  the  unetched  face  after  10 
weeks.  All  the  PL  measurements,  except  in  the  case  of  the  aged 
sample,  were  performed  immediately  after  the  chemical  treatment 
and  sample  refrigeration. 


RESULTS 

The  PL  spectra  measured  in  the  range  of  1.55  to  1.61  eV  from 
a  set  of  four  cleaved  and  Br2/CH20H  etched  samples  are  presented 
in  Fig.  1.  The  spectral  intensities  displayed  in  the  figure  were 
normalized  to  the  integrated  intensity  in  the  near  edge  region  in 
order  to  account  for  overall  changes  due  to  modifications  of  the 
near  surface  electronic  properties  such  as  the  electric  field  and 
the  surface  recombination  velocity  as  well  as  slight  unavoidable 
changes  in  the  measurement  conditions.  The  spectra  display 
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several  sharp  and  distinct  features  that  are  usual  for  good 
quality  CdTe.  Shoulders,  weak  features,  and  subtle  sidebands  on 
some  of  the  peaks  are  also  observable.  The  expected  position  of 
the  band  edge  [6]  (E  )  is  indicated  at  1.605  eV  as  is  the 
location  of  the  free  ^citon  [6,7]  (FE)  recombination  at  1.597 
eV.  The  peaks  are  labeled  at  1.5930  eV;  A^-X  at  1.5896  eV; 

I,  at  1.5850  eV; 
the  nomenclature 


2  at  1.581  eV;  and  at  1.564-1.56  eV; 

Lll  be  discussed  in  the  tollowing  section. 


Fig.  1:  The  near  edge  PL  spectra  from  the  Brj/CHjOH  samples  and 
a  reference  unetched  sample  are  shown.  The  etched 
spectra  are  magnified  by  a  factor  2.5  for  clarity.  The 
etch  concentration  is  indicated  on  the  high  energy  end 
of  the  curves.  Note  the  overall  increase  in  the  Aq-X 
feature  with  etch  concentration. 


Fig  1.  Fig.  2 


Fig.  2:  PL  spectra  measured  from  a  fresh  cleaved  and  an  aged 

surface  are  presented.  The  presence  of  the  intense  Aq-X 
feature  in  the  aged  surface  is  indicative  of  Cd 
vacancies  in  the  surface  region. 


The  spectra  measured  from  the  freshly  cleaved  surface  and 
the  aged  sample  are  presented  in  Fig.  2.  As  in  Fig.  1,  Eg,  FE, 
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,  Aq-X,  I,,  I2  and  are  indicated.  A  discussion  of 
the  spectra  follows. 

The  spectra  observed  from  samples  that  were  subjected  to 
both  the  Brj/CH^OH  and  the  KOH/CH3OH  treatments  were 
qualitatively  similar  to  those  presented  in  Fig.  1,  i.e.,  no 
significant  change  was  introduced  by  the  KOH/CH3OH  in  either  the 
Aq-X  feature  or  the  overall  spectrum. 


DISCUSSION 
Chemical  Etching 

It  is  clear  from  the  spectra  displayed  in  Fig.  1  that  the 
dominant  effect  of  etching  is  the  introduction  of  a  distinct 
feature  with  the  peak  energy  at  1.5896  eV;  a  weak  shoulder  is 
discernible  on  the  high  energy  side  of  the  peak  for  the  2  and  5% 
etched  samples.  The  1.5896  eV  peak  has  been  observed  by  several 
investigators  in  the  past  [1,3-5,8-10];  it  is  the  most  dominant 
feature  in  the  PL  spectrum  of  Bridgman  grown,  undoped,  bulk  CdTe 
[4,10].  Previous  investigators  have  demonstrated  that  its 
intensity  reduces  substantially  when  the  as-grown,  undoped 
crystals  are  annealed  in  Cd  vapor  [4,10]  and  is  correlated  with 
Cd  vacancies  produced  using  electron  irradiation  [3,5].  Hence, 
it  has  been  assigned  to  originate  in  a  defect  involving  a  Cd 
vacancy:  namely  a  simple  Cd  vacancy  that  acts  as  a  doubly 
ionizable  acceptor  [5],  %  complex  defect  made  up  of  a 
vacancy  and  a  donor  [4],  i.e.,  D'*'] .  The  annihilation  of 
an  exciton  bound  to  a  neutral  state  of  the  acceptor  described 
above  is  responsible  for  the  feature  denoted  by  Aq-X.  On  this 
basis,  the  occurence  of  the  1.5896  eV  feature  is  interpreted  as 
arising  from  the  introduction  of  Cd  vacancies  in  the  chemically 
etched  surface  region.  It  is  also  apparent  from  the  spectra 
shown  in  Fig.  1  that  the  normalized  intensity  of  the  Aq-X  peak 
increases  with  the  concentration  of  the  etching  solution  pointing 
to  an  etch  related  origin. 

Previous  studies  have  indicated  a  severe  loss  of  Cd  from  the 
surface  region  of  CdTe  etched  in  Br2/CH30H  [14-16]. 
Ellipsometric  [15]  and  Raman  scattering  [14]  measurements  have 
indicated  the  presence  of  a  ~  lOA  thick  Te  layer.  It  has  been 
reported  that  the  Te  overlayer  can  be  stripped  using  a  IN 
KOH/CH3OH  surface  treatment.  The  effect  of  the  IN  KOH/CH3OH 
treatment  was  investigated  and  found  not  to  alter  the  PL  spectrum 
in  any  appreciable  fashion.  In  addition,  the  spectra  observed 
from  the  etched  surfaces  imply  only  a  small  perturbation,  i.e., 
the  spectra  are  indicative  of  nearly  stoichiometric  CdTe  with  the 
change  in  the  Cd  to  Te  ratio  of  «1%.  The  apparent  contradiction 
can  be  understood  if  one  considers  the  depth  sensitivity  for  the 
various  techniques.  The  observed  PL  spectral  intensity  arises 
from  a  region  extending  from  the  surface  to  a  depth  of  >  2000A 
which  is  much  larger  than  that  of  XPS  (<  25A)  and  the  sensitivity 
for  ellipsometry  (<  2A) .  Both  observations  may  be  explained  on 
the  basis  of  a  qualitative  model  that  allows  for  a  severely  Cd 
depleted  region  near  the  surface  as  well  as  a  deeper  region  where 
the  depletion  is  less  intense.  The  expected  modifications  of  the 
electronic  properties  of  the  deeper  region  and  its  implications 
for  device  applications  are  considered  in  the  next  section. 

The  peak  denoted  by  D at  1.593  eV  has  been  investigated  by 
Feng  et  al  [7]  and  assigned  to  originate  from  a  structural  defect 
or  impurity-defect  complex.  The  peak  denoted  by  I3  at  1.5850  eV 
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is  due  to  an  In  impurity  [5,11].  The  I,  feature  at  1.581  ev 
probably  also  originates  in  an  In  related  ^ectronic  defect.  The 
longitudinal  optical  (LO)  phonon  replicas  of  and  I2  are 

indicated  by 


Effects  of  Aging 

The  PL  spectrum  measured  from  a  sample  that  was  stored  under 
atmospheric  conditions  for  ~  10  weeks  is  displayed  in  Fig.  2. 
For  comparison,  the  spectrum  obtained  from  the  freshly  cleaved 
face  is  also  shown.  The  Aq-X  peak  at  1.5896  eV  is  clearly 
evident  in  the  aged  surface. 

The  presence  of  the  Aq-X  peak  strongly  suggests  the  loss  of 
Cd  from  the  near  surface  region  from  the  aged  face.  Reaction 
with  the  atmospheric  oxygen  [17]  as  well  as  an  inherent  surface 
reactivity  and/or  instability  may  be  responsible  for  the 
formation  of  Cd  vacancies.  It  has  been  reported  that  anodic 
oxidation  followed  by  electrochemical  etching  leads  to  an 
enhancement  of  the  Ag-X  feature  [13]. 

A  comparison  of  the  Ag-X  peak  line  shapes  from  the  aged 
surface  and  the  Br2/CH30H  etched  surfaces  brings  out  a  subtle 
difference:  the  former  contains  no  shoulder  and  is  therefore  much 
narrower,  whereas  the  chemically  etched  face  clearly  indicates  an 
additional  contribution.  This  may  signify  the  differences  in  the 
centers  created  by  the  two  processes,  indicating  perhaps  the 
occurence  of  complex  defects  involving  and  Br  under 
Brj/CHjOH  treatment  as  opposed  to  [Vg-^j^"]  during  aging. 


Implications  for  Device  Fabrication 

The  tendency  of  bulk  CdTe  to  form  [Vg^^”]  in  the  surface 
region  as  a  result  of  chemical  treatment  as  well  as  aging  has 
significant  consequences  in  the  device  fabrication  area.  The 
foremost  of  these  is  the  formation  of  metallic  contacts  with 
controlled  physical  properties.  The  formation  of  a  large  density 
of  3  known  acceptor,  will  modify  the  electronic 
properties  and  may  dominate  the  surface  electrical  properties. 
For  instance,  the  fabrication  of  a  simple  Schottky  barrier  on  an 
etched  n-type  CdTe  may  be  impossible  if  a  thin  p-type  layer, 
resulting  from  the  Cd  vacancies,  were  present  near  surface 
region.  Devices  that  use  exposed  CdTe  are  likely  to  degrade  in 
electrical  performance  due  to  ii\^if  ications  introduced  as  a 
result  of  the  formation  of  t'^Cd^  1  former  may  be 
corrected  by  a  suitable  annealing  step  whereas  the  latter  would 
require  the  use  of  proper  encapsulation. 


CONCLUSION 

In  conclusion,  the  perturbation  caused  as  a  result  of 
Br2/CH30H  etching  have  been  investigated.  A  sample  aged  under 
atmospheric  conditions  was  also  studied  to  determine  the  long 
term  stability  of  CdTe.  The  reference  for  all  the  measurements 
was  the  PL  spectrum  obtained  from  a  sample  cleaved  in  an  inert 
atmosphere.  The  results  demonstrate  the  introduction  of  a  strong 
feature  at  1.5896  eV  as  a  result  of  the  chemical  treatment  as 
well  as  aging.  On  the  basis  of  previous  analysis  that  has 
identified  the  peak  to  be  caused  by  Cd  vacancies,  it  is  strongly 
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suggested  that  Cd  vacancies  are  formed  in  the  near  surface 
region.  The  implications  of  these  results  are  two  fold:  The 
presence  of  the  1.5896  eV  excitonic  peak  in  the  PL  spectrum  may 
be  just  a  consequence  of  the  surface  preparation  and  not  any 
intrinsic  chemical  or  electronic  property  of  the  sample;  the 
conclusions  of  all  previous  studies  that  relied  on  this  PL 
feature  and  used  chemically  treated  samples  may  have  to  be 
reevaluated.  Next,  the  formation  of  Cd  vacancies  may  interfere 
with  the  fabrication  of  devices  and  have  a  deleterious 
consequence  on  the  long  term  stability  of  those  that  contain 
exposed  surfaces. 
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ABSTRACT 

The  main  lines  in  the  photoluminescence  spectra  of  ZnjCdi_^Te  single 
crystals  grown  by  a  modified  Bridgman  method  in  the  compositional  range 
of  OS.XS.0.25  have  been  identified.  All  crystals  show  only  near-band-edge 
emission.  To  assist  in  the  identification,  various  samples  with  different 
compositions  were  annealed  under  a  Cd  atmosphere.  In  the  pure  crystals, 
the  prominent  (A°,X)  bound  exciton  line,  as  well  as  the  doublet  at  longer 
wavelengths,  disappear  after  the  annealing.  In  contrast,  the  treatments 
do  not  change  significantly  the  PL  spectra  of  the  mixed  crystals. 


INTRODUCTION 

Large  area  cadmium  telluride  (CdTe)  and  zinc  cadmium  telluride  (Zn 
Cdi_j(  Te)  single  crystal  substrates  have  many  potential  applications  iS 
the  fabrication  of  electronic  and  optoelectronic  devices  [1].  Interest 
in  this  wide-gap  material  has  also  developed  due  to  its  chemical  compatibi¬ 
lity  and  close  lattice  match  to  the  important  infrared  detector  material 
HgCdTe.  However,  the  understanding  of  the  native  defects  and  their  complex 
with  residual  impurities  is  important  in  order  to  have  a  better  control 
of  both  their  optical  and  electrical  properties.  In  the  last  few  years 
numerous  studies  on  the  photoluminescent  (PL)  properties  of  CdTe  crystals 
have  been  reported  [2-5]  and  only  few  on  Znj^Cd^_^Te  [6-8], 

In  the  present  paper  we  report  on  the  PL  from  as-prepared  and  Cd 
vapor  annealed  Zn  Cdj_xTe  (05.X10.25)  single  crystals.  For  all  the  inves¬ 
tigated  values  of  x,  the  prominent  emission  lines  occur  in  the  exciton 
region  indicating  a  high  crystalline  quality.  In  pure  CdTe  crystals,  the 
15K  PL  spectra  exhibit  two  main  lines  in  this  region  at  778.2  nm 
(1.5934eV)  and  779.5  nm  (1.5907eV).  The  former  line  occurs  in  the  energy 
range  where  recombination  of  excitons  bound  to  shallow  neutral  donors 
(D°,X)  has  been  reported  [9].  Our  studies  on  annealed  CdTe  samples  under 
Cd  atmosphere  indicate  that  the  1.5907  eV  line  is  related  with  recombina¬ 
tion  of  excitons  bound  to  cadmium  vacancies  [5].  We  also  observed  that 
in  the  mixed  crystals  exciton  recombination  mainly  occurs  via  neutral 
donor  states. 

EXPERIMENTAL 

All  samples  were  grown  from  the  melt  by  a  modified  Bridgman  method 
at  Galtech  Semiconductor  Materials  Corporation.  The  composition  of  the 
Zn^Cdi-xTe  samples  was  determined  from  electron  microprobe  analysis  and 
from  the  energy  of  the  main  exciton  line  observed  in  the  15K  PL  spectra 
[6].  All  as-prepared  crystals  were  unintentionally  doped  and  have  an  appro- 
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ximate  room-temperature  resistivity  of  5X10®  and  8X10®  Q  cm  for  the  mixed 
and  pure  crystals,  respectively.  All  spectra  in  the  as-prepared  samples 
were  taken  on  (110)  cleaved  surfaces  at  15K.  The  laser  power,  from  an 
argon  ion  laser,  impinging  on  the  sample  was  of  0.5  mW  with  the  laser 
beam  focused  using  cylindrical  optics.  The  PL  emission  was  spectrally 
analysed  with  a  double  monochromator,  with  slits  set  to  achieve  a  resolu¬ 
tion  of  less  than  lA. 

Annealing  was  carried  out  in  a  sealed  quartz  ampoule  under  Cd  satura¬ 
ted  isothermal  conditions  at  BOO'C  for  two  hours.  Before  the  PL  was  measu¬ 
red  all  annealed  samples  were  chemically  etched  to  remove  the  surface 
damage.  The  chemical  treatment  was  as  follows;  immersion  in  a  1Z  bromine 
in  methanol  solution  for  30  seconds  followed  by  a  60  seconds  immersion 
in  a  solution  of  3.5M  KOH  in  1  liter  of  H^O. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  typical  15K  PL  spectra  for  three  as-prepared 
ZnxCdi_xTe  cleaved  surfaces  with  x=0,  0.10  and  0.25.  All  three  spectra 
are  plotted  with  the  same  abscissa.  Considering  the  origin  of  the  emission 
lines,  the  PL  spectra  in  the  figure  can  be  divided  into  three  regions: 
a)  the  exciton  region,  for  wavelengths  near  the  band-gap;  b)  the  free 
to  bound  (F-A)  and  bound  to  bound  (D-A)  transitions,  for  intermediate 
X's  and,  c)  emission  at  longer  A's  associated  with  crystal  imperfections 
and  deeper  impurity  levels  [6,10].  This  latter  emission  generally  appears 
in  the  PL  spectra  as  a  broad  band  at  approximately  50  to  100  nm  above 
the  exciton  lines.  Notice  that  none  of  the  three  spectra  in  Fig.  1  shows 
any  significant  emission  in  this  latter  region,  which  is  an  indication 
of  high  crystalline  quality. 

The  identification  of  the  emission  lines  in  the  intermediate  region, 
as  due  to  electron-acceptor  and  donor-acceptor  transitions  has  been  re¬ 
ported  in  a  previous  study  [11]. 

In  the  exciton  region,  free  exciton  recombination  results  in  the 
emission  of  photons  with  an  energy  10.5  meV  less  than  the  band  gap,  which, 
at  15K  is  at  772  nm  (1.606  eV),  743.5  nm  (1.668  eV)  and  695.9  nm  (1.7819eV) 
for  x=0,  0.10  and  0.25,  respectively.  This  line  is  denoted  by  (X)n=l  in 
the  figure.  The  existence  of  several  different  donors  and  acceptors  in 
CdTe  has  already  been  pointed  out  [12].  Free  excitons  can  get  trapped 
by  the  potential  of  the  impurities  becoming  bound  excitons.  The  two  main 
lines  in  the  exciton  region  of  our  pure  CdTe  crystals  at  778.2  nm 
(1.5934  eV)  and  at  779.5  nm  (1.5907  eV)  have  been  identified  as  due  to 
the  recombination  of  excitons  bound  to  shallow  neutral  donors  (D°,X)  [9] 
and  to  neutral  acceptor  (A^.X)  states,  respectively. 

The  identif ication  of  the  1.5907  eV  line  as  due  to  a  (A°,X)  process 
is  based  on  the  changes  observed  in  the  PL  spectra  induced  by  the  anneal¬ 
ing  under  Cd  atmosphere,  which  are  shown  in  Fig.  2.  The  complete  PL  spec¬ 
tra  as  well  as  the  resolved  exciton  regions  are  shown  for  as-prepared 
(a)  and  for  annealed  (b)  samples.  As  can  be  seen,  two  drastic  changes 
occur  upon  annealing:  one  is  that  the  lines  in  the  range  of  790-800  nm 
denoted  by  (F-A)  and  (D-A)  have  been  drastically  reduced  and  the  other 
is  the  disappearance  of  the  (A‘’,X)  line.  The  broader  bands  found  at  790 — 
800nm  are  generally  accepted  to  involve  deep  acceptorlike  levels  associated 
with  a  complex  centerf3],  and  more  recently  their  origin  has  been  related 
with  cadmium  vacancies  [13].  In  a  recent  publication  Seto  eta1[5]have  seen 
that,  under  similar  annealing  conditions,  the  intensity  of  a  bound  exciton 
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Fig.  1.  Photolutninescence  spectra  of  ZnxCdj_j|Te  single 
crystals  with  x=0,  0.10  and  0.25.  Details  on  the  assig- 
ments  and  identification  of  various  lines  can  be  found 
in  the  text. 


line  at  1.5896  eV  in  their  4.2K  PL  spectra  of  high  quality  p-type  CdTe 
is  drastically  reduced  after  the  annealing;  their  results  strongly  suggest 
that  this  line  can  be  ascribed  to  the  recombination  of  excitons  trapped 
at  Cd  vacancies.  Our  results  in  annealed  CdTe  crystals  under  a  Cd  atmos¬ 
phere  provide  further  evidence  for  the  previously  proposed  assignments 
for  the  PL  bands  in  the  region  of  790-800  nm  as  well  as  for  the  origin 
of  the  (A^.X)  line  at  1.5907  eV.  The  identification  of  the  1.5907  eV  line 
is  also  consistent  with  its  temperature  dependence  because  the  PL  intensity 
of  acceptor-bound  excitons  decreases  very  rapidly  with  increasing  tempe¬ 
rature  [11]. 

Figure  3  shows  the  PL  spectra  of  an  as-prepared  (a)  and  Cd  vapor 
annealed  (b)  ZnxCdi_xTe  with  x=0.09.  Similar  to  the  pure  CdTe  crystals, 
the  PL  spectra  of  the  as-prepared  mixed  crystals  show  a  dominant  near- 
band-edge  emission.  In  the  exciton  region  the  line  at  753.2  nm  (1.6463e\/) 
has  the  same  exciton  binding  energy  of  2  meV  as  the  line  labeled  with 
(D°,X)  in  the  PL  spectra  of  pure  CdTe,  lending  evidence  that  this  fea¬ 
ture  is  due  to  the  same  transition  in  both  cases.  The  line  at  756  nm 
(1.6402  eV)  has  been  identified  with  a  (A°,X)  transition  based  on  a  va¬ 
riety  of  evidence.  In  the  first  place,  the  exciton  binding  energy  of  7.5 
meV  is  close  to  the  calculated  binding  energy  of  excitons  bound  to  accep¬ 
tors  of  7  meV  [14].  In  the  second  place,  this  line  is  thermally  quenched 
at  temperatures  exceeding  50K.  This  assignment  is  also  in  agreement  with 
previous  observations  in  other  alloyed  compound  semiconductors  showing 
that  the  (A°,X)  lines  are  much  more  sensitive  to  alloying  and  that  the 
linewidth  increases  at  a  rate  much  greater  than  that  of  the  (D,X)  levels 
[15].  We  have  observed  that  in  the  exciton  region,  the  PL  spectra  of  the 
mixed  crystals  look  very  similar  regardless  of  x  in  the  range  investigated. 

The  result  of  the  annealing  under  Cd  atmosphere  for  Zn^Cdi.^Te  crys¬ 
tals  is  quite  different  than  that  observed  in  the  pure  crystals.  In  the 
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Fig.  2.  Photo  luminescence  spectra  of  a  CdTe  single  crystal,  before 
(a)  and  after  (b)  annealing  at  600C/2hrs,  in  a  saturated  Cd  vapor 
atmosphere.  The  insert  shows  the  resolved  exciton  region. 
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Fig.  3.  Photoluminescence  spectra  of  as-prepared  (a)  and  Cd  vapor 
annealed  (b)  ZnjjCd|_^Te  single  crystals  with  x=0.09. 
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mixed  crystal  a  small  decrease  in  the  amplitude  of  the  (A°,X)  line  and 
a  change  in  the  shape  of  the  broader  emission  line  located  at  about  20-30 
nm  above  the  exciton  range  are  observed.  Before  annealing  the  well  defined 
doublet  labeled  as  (F-A)  and  (D-A)  becomes  a  single  line  with  a  position 
at  769.5  nm  (1.5114  eV)  in  between  the  (F-A)  and  (D-A)  doublet.  From  the 
dependence  on  temperature  and  excitation  intensity  we  have  identified 
this  line  with  a  (D-A)  transition.  We  have  also  observed  that  as  a  result 
of  Cd  annealing  a  new  broad  emission  band  appears  at  about  795  nm  (1.5597 
eV)  probably  originated  at  deeper  defect  levels  created  during  the  thermal 
annealing,  however,  further  studies  are  needed  in  order  to  have  a  better 
understanding  about  the  origin  of  this  band. 

Based  on  the  annealing  behavior  of  the  PL  spectra  of  CdTe  and 
Cdi_xTe  crystals,  one  can  conclude  that,  in  contrast  to  pure  CdTe,  the 
free  to  bound,  the  bound  to  bound  and  the  (A°,X)  bands  in  the  mixed  crys¬ 
tals  are  probably  not  related  with  recombination  involving  cadmium  vacancy 
levels.  These  results  provides  further  support  for  the  observation  that 
Zn  addition  to  CdTe  improves  crystal  quality  [16,17],  particularly  reducing 
the  density  of  group  II  (Cd  or  Zn)  vacancies. 


CONCLUSIONS 

The  photoluminescent  properties  of  Zn^^Cd.^Te  single  crystals  for 
0<X<D.25  have  been  studied.  To  assist  in  the  identification  of  the  lines 
in  the  soecLia,  as-prepared  and  annealed  (under  Cd  atmosphere)  samples 
were  measured.  In  all  crystals,  the  dominant  emission  occurs  at  the  near¬ 
band-edge  region,  indicating  good  crystalline  quality.  In  the  pure  crys¬ 
tal,  the  two  main  exciton  lines  are  identified  with  recombination  of 
excitons  at  neutral  shallow  Conors  (778.2  nm)  and  at  neutral  donors 
(779.5  nm).  The  assignment  of  the  latter  line  was  deduced  from  its  anneal¬ 
ing  behavior  under  a  saturated  Cd  atmosphere.  We  also  observed  that  the 
doublet  in  the  wavelength  range  of  790-800  nm  disappears  after  the  anneal¬ 
ing,  which  indicates  that  the  levels  involved  in  that  transition  are  also 
related  to  cadmium  vacancies. 

In  the  as-prepared  mixed  crystals,  we  observed  that  the  PL  spectra 
is  qualitatively  similar  regardless  of  the  values  of  x.  By  analogy  with 
the  pure  crystal,  the  mam  exciton  line  is  identified  with  a  (D°,X)  transi¬ 
tion  and  a  weak  (A°,X)  line  is  also  observed.  From  the  observed  changes 
in  the  PL  spectra  of  Cd  annealed  mixed  crystals,  we  concluded  that  the 
main  lines  in  the  spectra  are  not  related  with  transitions  involving  Cd 
vacancies. 
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NONDESTRUCTIVE  COMPOSITIONAL  AND  DEFECT  CHARACTERIZATION 
OF  CdZnTe  ALLOYS  USING  PHOTOLUMINESCENCE  SPECTROSCOPY 

W.M.  DUNCAN,  R.J.  KOESTNER,  J.H.  TREGILGAS,  H.-Y.  LIU  and  M.-C.  CHEN 
Central  Research  Laboratories,  Texas  Instruments,  Inc.,  Dallas,  TX  75265 

ABSTRACT 

Results  from  high  resolution  helium  temperature  photolurainescence  (PL)  spec¬ 
troscopy  have  oeeu  correlated  to  precision  lattice  constant  and  transport  measurements 
and  to  theoretical  band  gap  versus  composition  behavior.  It  is  found  that  low  tempera¬ 
ture  PL  spectra  provide  precise  determination  (-+■/-  0.02%)  of  ZnTe  mole  fraction  as  well 
as  carrier  type,  relative  impurity  concentration  and  point  defect  properties  of  these  sub¬ 
strates.  In  addition  helium  and  room  temperature  PL  results  are  correlated  to  determine 
the  accuracy  of  room  temperature  measurements  for  composition  determination, 

INTRODUCTION 

Alloys  of  CdZnTe  are  important  substrate  materials  for  growth  of  epitaxial  thin 
films  of  HgCdTe  for  infrared  detector  and  focal  plane  array  applications.  In  order  to  attain 
thin  films  of  high  crystalline  quality,  it  is  known  that  close  lattice  match  is  needed  between 
the  film  and  substrate.  For  matching  to  nominally  10  pm  HgCdTe,  substrates  of  CdZnTe 
alloys  contaiiiing  a  few  percent  of  ZnTe  are  needed.  Although  photoluminescence  has  been 
used  widely  for  evaluation  of  II-VI  binary  materials  [1]  only  more  recently  has  CdZnTe  films 
[2,3]  and  bulk  crystals  been  studied  (4).  In  the  current  work  the  photoluminescence  optical 
properties  of  a  large  sampling  of  CdZnTe  ingots  with  ZnTe  fractions  of  0  to  about  8%  been 
studied  and  correlated  to  electrical  and  precision  X-ray  lattice  constant  measurements, 

EXPERIMENTAL 

The  crystals  of  CdZnTe  studied  in  this  work  were  prepared  in  sealed  ampoules  by 
the  horizontal  Bridgman  method.  Stoichiometric  melt  charges  were  precompounded  from 
the  elements.  Unseeded  crystals  3-4  kg  in  mass  were  grown.  Etch  pit  counts  range  from 
5  X  lO"*  to  2  X  10*  cm“’  in  these  crystals.  Unoriented  samples  were  rough  cut  from  the 
boules,  chemomechanically  polished  and  etched  in  Br/methanol  prior  to  study.  Samples 
typically  were  taken  at  3  inch  intervals  along  the  15  inch  boules. 

Precision  lattice  parameter  measurements  were  made  using  a  Siemens  D-500  pow¬ 
der  defractometer.  Silicon  was  used  as  an  internal  standard.  Compositions  were  calculatetl 
based  on  the  JCPDS  (5)  lattice  constants  for  p  're  ZnTe  (6.1026  A)  and  CdTe  (6.4810  .4). 

Photoluminescence  measurements  were  made  at  room  temperature  and  at  4.2  K 
with  samples  immersed  in  liquid  helium.  Although  different  spectrometers  were  used  for 
analyzing  the  emission  at  room  and  helium  temperatures,  nearly  identical  excitation  con¬ 
ditions  and  backscattering  sampling  geometries  were  used  for  both  cases.  Samples  were 
excited  using  5145  A  argon  ion  radiation  at  a  power  density  of  approximately  0.2  W/cm^ 
(6mW).  The  room  temperature  emission  was  analyzed  with  a  conventional  scanning  dis¬ 
persive  monochromator  and  cooled  GaAs  photocathode  photomultiplier  whereas  the  low 
temperature  spectra  were  analyzed  interferometrically  [6]  using  a  Michelson  interferome¬ 
ter  and  77  K  Ge  pin  diode  detector.  For  room  temperature  measurements,  a  spectral 
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resolution  of  0.8  nieV  was  used  with  a  spectral  sampling  interval  of  0.2  meV.  At  helium 
temperature  resolution  ajid  sampling  intervals  were  0.2  and  0.1  meV,  respectively. 

DISCUSSION 

Results  discussed  in  the  following  are  representative  of  the  trends  observed  for 
about  15  boules.  Shown  in  Fig.  1  is  a  4.2  K  PL  spectra  of  a  compensated  CdZnTe 
scimple  illustrating  the  dominant  near  band  gap  spectral  features.  The  13,000  to  13,200 
cm"'  (1.612  -  1.636  eV)  region  of  the  spectrum  is  dominated  by  recombination  of  excitons. 
Because  the  band  gap  of  this  material  is  a  function  of  alloy  composition,  the  identification 
of  these  excitonic  transitions  must  be  derived  a  priori.  In  CdTe,  the  neutral  acceptor 
bound  exciton  (A°X)  transition  occurs  at  16  meV  from  the  band  edge  and  the  neutral 
donor  bound  exciton  (D°X)  transition  occurs  at  12  meV  from  the  edge  [1].  The  excitonic 
feature  observed  at  1.6169  eV  (13,043  cm“')  in  Fig.  1  is  observed  to  dominant  in  p- 
type  material  and  the  feature  at  1.6210  eV  (13,076  cm”*)  is  dominate  in  n-type  material. 
Hence  due  the  relative  position  and  4  meV  spacing  of  these  two  strong  features  and  the 
correlation  of  features  with  carrier  type,  the  line  at  1.6169  eV  is  identified  as  the  neutral 
acceptor  bound  exciton  (A°X)  and  the  line  at  1.6210  eV  as  the  the  neutral  donor  bound 
exciton  (D°X).  It  should  also  be  noted  that  as  in  CdTe,  the  A°X  is  strongly  vibronically 
coupled  in  CdZnTe,  with  an  A°X-L0  replica  occurring  at  21  meV  below  the  A'X  feature. 
All  of  the  samples  studied  exhibited  the  same  quartet  of  no  phonon  exciton  lines  with 
spacings  equal  to  those  observed  in  Fig  1.  Based  on  the  identification  of  the  A°X  feature 
and  the  A°X  binding  energy  of  16  me*',  a  btind  gap  of  1.6329  eV  can  be  calculated  for  the 
sample  in  Fig  1.  The  binding  energies  of  the  two  weak  excitonic  features  X  at  1.6231  eV 
(13093  cm-l)  and  Xj  at  1.6252  eV  (13110  cm-1)  in  Pig.  1,  are  then  ceilculatcd  as  9.8  meV 
and  7.7  meV,  respectively.  From  these  binding  energies,  the  feature  labeled  X  is  assigned 
to  the  free  exciton.  T1  ’  feature  labeled  X2  has  not  been  conclusively  identified  but  is 
likelj  due  to  n=2  exciton  transitions. 


Figure  1:  Near  band  gap  PL  spectrum  at  4.2  K  of  a  compensated  CdZnTe  sample. 
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As  shown  in  Fig.  1,  donor-to-acceptor  (D-A)  transitions  are  also  evident  in  the 
spectra  of  these  samples.  Based  on  the  band  gap  calculated  from  the  position  of  the  A°X 
transition,  the  no  phonon  D-A  transition  occurs  at  66  meV  from  the  band  edge.  The  D-A 
center  also  exhibits  strong  vibronic  coupling  with  ILO  and  2L0  replicas  clearly  visible 
spaced  by  21  meV.  At  the  excitation  intensities  employed  (0.2  W/cm^),  the  D-A  bands 
exhibit  asymmetric  hneshapes,  rising  steeply  on  the  low  energy  side  and  more  gradually  to 
high  energy.  Although  an  asymmetric  lineshape  is  suggestive  of  a  free-electron-to-acceptor 
(F-A)  transition,  power  dependence  studies  clearly  demostrate  that  these  bands  shift  to 
higher  energy  with  increasing  excitation  intensity,  demonstrating  that  they  are  in  fact  due 
to  D-A  transitions.  The  broadening  on  the  high  energy  side  of  these  bands  results  from 
the  presence  of  the  unresolved  F-A  transition. 

Low  temperature  photoluminescence  also  yields  information  about  the  optically 
active  point  defect  centers  in  these  CdZnTe  samples.  In  some  of  the  boules  studied, 
a  deep  center  is  observed  at  1.1  eV.  Whereas  the  atomistic  identity  of  this  center  is 
uncertain,  we  observe  that  the  1.1  eV  center  is  associated  with  either  high  initial  ZnTe 
mole  fraction  or  high  Te  precipitate  concentration.  Boules  exhibiting  the  1.1  eV  center 
have  lower  PL  quantum  yields  at  room  and  helium  temperature  than  boules  free  of  this 
center.  The  intensity  of  the  1.1  eV  center  remains  nearly  constant  along  the  boule  length 
when  observed.  Also  in  the  tail  most  sample  of  many  of  these  boules,  a  band  at  1.4  eV  is 
observed.  This  band  in  CdTe,  described  as  the  metal  vacancy  donor  center,  V^-D,  has 
been  studied  in  detail  [1]. 

Perhaps  the  most  important  correlation  established  in  this  work  is  that  between  the 
beind  gap  from  low  temperature  PL  and  the  precision  lattice  constant.  Shown  in  Figure  2 
is  the  measured  4.2  K  PL  band  gap  versus  composition  determined  from  the  X-*ay  powder 
diffraction  pattern. 


Figure  2;  PL  band  gap  versus  compositon  determined  from  X-ray  powder  diffraction. 
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The  CdZnTe  band  gap  is  calculated  from  the  low  temperature  PL  based  on  the  identi¬ 
fication  of  the  A°X  feature  in  the  spectrum  and  the  16  meV  A°X  binding  energy.  The 
solid  line  is  the  band  gap  versus  composition  relationships  of  Magnea,  et  al.  [3].  The 
uncertainty  in  lattice  constant  as  determined  from  X-ray  translates  to  an  uncertainty  of 
-(-/-  0.2%  in  ZnTe  mole  fraction.  The  uncertainty  in  low  temperature  PL  is  that  of  the 
0. 1  meV  sampling  interval.  Prom  the  sampling  interval  and  the  band  gap  to  composition 
relationship  of  Magnea  et  al.,  [3]  an  uncertainty  of  -b/-0.02%  in  ZnTe  mole  fraction  can 
be  determined.  Hence  the  scatter  in  the  experimental  data  in  Fig.  2  is  expected  to  be 
limited  by  the  X-ray  measurements  and  by  the  uniformity  of  the  samples.  In  addition  to 
scatter  in  the  experimental  data  in  Fig  2,  there  appears  to  be  a  systematic  offset  between 
the  present  experimental  data  and  the  calculated  behavior  from  [3].  It  should  be  noted 
that  the  band  gap  to  composition  relationship  determined  in  reference  [3]  was  determined 
from  a  comparison  of  the  4.2  K  band  gap  calculated  from  the  LO  phonon  replica  of  the 
free  exciton  in  photoluminescence  and  composition  determined  from  X-ray  fluorescence. 

The  compositional  dependence  of  these  boules  versus  sample  position  was  also 
examined  and  is  presented  in  Fig.  3.  Compositions  were  determined  as  described  above 
from  the  position  of  the  A°X  band  and  the  relationship  of  Magnea,  et  al.  [3].  The  initial 
concentration  in  these  boule  agrees  well  with  the  initial  charge  composition.  The  decrease 
in  ZnTe  composition  with  sample  position  is  also  expected  from  consideration  of  melt 
segregation. 


Figure  3:  Composition  determined  from  A'X  peak  energy  versus  sample  position. 

One  of  the  gorJs  of  this  work  has  been  to  evaluate  the  potential  of  room  temperature 
PL  measurements  for  the  evaluation  of  CdZnTe  composition.  Shown  in  Fig.  4  is  a 
representative  room  temperature  CdZnTe  PL  spectra.  The  band  exhibits  an  asymmetric 
lineshape,  rising  steeply  on  the  low  energy  side  and  more  gradually  on  the  high  energy 
side. 


♦3 


ENERGY  (eV) 

Figure  4;  Room  temperature  PL  spectrum  of  a  CdZnTe  sample. 


Room  temperature  peak  energies  were  determined  using  a  parabolic  fit  of  the  band. 
The  recombination  energy,  hu,  at  room  temperature  is  given  by,  hu  =  Eg  +  kT,  where  Eg 
is  the  band  gap  of  the  material,  k  is  Boltzman’s  constant,  and  T  the  electron  temperature 
in  Kelvin.  Presented  in  Fig.  5  is  the  relationship  between  room  temperature  peak  energy 
and  the  A°X  band  position  at  4.2  K.  It  should  be  noted  that  the  scatter  in  the  data  is 
much  larger  them  the  uncertainty  in  the  low  temperature  (0.1  meV)  or  the  room  temper¬ 
ature  energy  measurement  (0.8  meV).  Because  the  electron  temperature  is  expected  to 
contribute  primarily  to  the  high  energy  side  of  the  room  temperature  band,  we  also  evalu¬ 
ated  the  data  using  the  energy  at  half  height  on  the  low  energy  side  of  the  band.  However 
a  nearly  constant  difference  was  found  between  the  energy  at  the  peak  maximum  and  the 
energy  at  the  low  energy  half  height,  indicating  that  the  scatter  in  the  data  in  Fig.  5  is  not 
due  to  variations  in  electron  temperature.  It  was  found,  however,  that  the  samples  falling 
to  the  lower  right  in  the  distribution  are  n-type  samples  whereas  the  samples  falling  to  the 
upper  left  are  p-type  samples.  Because  of  the  relative  large  activation  energy  of  acceptors 
in  CdZnTe  (58  meV  or  greater),  the  acceptors  are  partially  neutral  at  room  temperature. 
Hence  the  recombination  energy  at  room  temperature  is  likely  modified  by  the  population 
of  neutral  acceptors.  Stated  differently,  the  peak  energy  at  room  temperature  is  dependent 
on  both  the  composition  of  the  material  and  the  position  of  the  Fermi  energy. 

CONCLUSIONS 

In  this  work,  photoluminescence  spectroscopy  has  been  shown  to  be  a  powerful 
method  for  nondestructive  contactless  determination  of  impurity,  defect  and  compositional 
properties  of  CdZnTe  alloys.  Compositional  measurements  based  on  low  temperature 
PL  are  shown  to  have  an  accuracy  of  (-(-/-  0.02%)  in  ZnTe  mole  fraction  based  on  the 
identification  of  the  A°X  transition.  CdZnTe  boules  are  also  found  to  be  of  high  quality  as 
indicated  by  the  dominance  of  excitonic  recombination  and  the  general  absence  of  optically 
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Figure  5;  Relationship  between  room  temperature  peak  energy  and  A°X  peak  position. 


active  point  defects  in  4.2  K  photoluminescence.  Compositional  measurements  using 
room  temperature  PL  are  shown  less  accurate  than  low  temperature  measurements  due  to 
contributions  of  the  Fermi  energy  to  the  measured  band  position. 

REFERENCES 

1.  J.L.  Pautrat,  J.M.  Francou,  N.Magnea,  E.Molva  and  K.Saminadayar,  J.  Crystal  Growth 
72,  194(1985)  and  references  therein. 

2.  D.J.  Olego,  J.P.  Faurie,  S  Sivananthan,  and  P.M.  Raccah,  Appl.  Phys.  Lett.  47, 
1172(1985). 

3.  N.  Magnea,  F.  Dal’bo,  J.L.  Pautrat,  A.Million,  L.  Dicioccio  and  G.  Feuillet,  Mat.  Res. 
Soc.  Symp.  Proc.  90,  455(1987). 

4.  K.Y.  Lay,  N.C.  Giles-Taylor,  J.F.  Schetzina  and  K.J.  Bachmann,  J.  Electrochem.  Soc. 
133,  1049(1986). 

5.  Joint  Committee  of  Powder  Diffraction  Standards,  Swarthsmore,  PA.  ZnTe  file  15-746 
and  CdTe  file  15-770. 

6.  W.M.  Duncan  and  M.L.  Eastwood,  in  Proceedings  of  the  International  Conference  on 
Raman  and  Luminescence  Spectroscopy  in  Technology,  J.E.  Griffiths  and  F.  Adar,  edi¬ 
tors,  Proc.  of  SPIE,  822,  172(1987). 


45 


ION-IMPL\NTATION  GETTERING  OF  IMPURITIES  IN  CdTe 
M.  H.  Jin,  K.  M.  Jame  .,  C.  E.  Jones*  and  J.  L.  Merz 

Depanment  of  Electrcal  and  Computer  Engineering,  University  of  California,  Santa 
Barbara,  CA  93106 


ABSTRACT 

This  is  the  first  reported  use  of  ion-implantation  damage  gettering  of  impurities  in 
CdTe  to  provide  high-quality  substrates  for  the  epitaxial  growth  of  appropriate  binary  or 
ternary  compounds,  or  for  related  applications.  We  describe  the  results  of 
photoluminescence  (PL)  measurements  performed  on  samples  of  Bridgeman-grown  CdTe 
to  study  both  the  annealing  behavior  and  gettering  effects  in  this  material.  From  the  PL 
results,  it  was  found  that  impurity  gettering  occurs  at  temperattires  at  which  liquid  phase 
epitaxy  take  place  (~5()()°Q  so  that  these  two  fabrication  procedures  are  compatible.  It  was 
also  found  that  the  optimum  anneal  time  at  this  temperature  is  four  hours. 


INTRODUCTION 

CdTe  is  an  extremely  useful  material  for  optical  devices  which  require  a  direct  bandgap 
in  the  near  infrared.  Bulk  CdTe  is  of  interest  as  a  substrate  for  the  epitaxial  growth  of 
HgCdTe,  and  for  the  formation  of  superlattices  in  combination  with  other  Il-Vl 
compounds.  However,  in  order  to  properly  control  the  liquid  phase  epitaxial  (LPE)  growth 
of  HgCdTe  on  CdTe,  a  knowledge  of  the  annealing  behavior  of  die  CdTe  substrate  is 
important.  It  is  also  necessary  to  identify  and  eliminate  unwanted  impurities  in  the  QlTe 
that  would  diffuse  into  epitaxial  layers  during  growth. 

One  technique  for  the  removal  of  impurities  involves  gettering.  Considerable  work  has 
been  done  with  both  ion-implantation  damage  gettering  and  surface  gettering  on  Si  and  on 
GaAs  [1,2,3].  However,  this  technique  has  not  yet  been  applied  to  CdTe.  It  is  possible  that 
ion-implantation  damage  gettering  could  be  useful  in  providing  better  substrates  for 
epitaxial  growth  or  for  other  applications.  It  is  especially  important  to  study  the  annealing 
behavior  and  gettering  effects  at  the  growth  temperatures  used  for  LPE. 


EXPERIMENTAL  TECHNIQUES 

Eight  samples  studied  in  this  investigation  were  taken  from  the  same  slice  of  a 
Bridgeman-grown  boule  of  CMTe.  The  crystals  were  not  intentionally  doped  and  they  are 
high  purity  p-type  (-lE14cm‘3).  All  surfaces  ate  of  (111)  orientation.  Low  temperature 
(1.4K)  PL  experiments  were  performed  on  all  of  these  samples  in  order  to  study  the 
uniformity  of  the  original  samples.  The  samples  were  illutninated  with  the  S14SA  line  of  an 
At*  laser  with  an  incident  power  of  1.2mW  focused  on  the  samples.  The  diameter  of  the 
focused  laser  spot  was  approximately  200  pm.  The  PL  data  on  as-received  samples 
showed  that  there  was  no  significant  variation  either  along  the  surface  of  the  samples  or  as 
a  function  of  depth  below  the  surface,  which  was  determined  by  step-etching  the  surface. 

Three  of  these  samples  were  ion-implanted  with  200keV  Kr'*"*'  ions  on  one  side  of  the 
wafer  at  room  temperature,  to  a  dose  of  lE16cm'2;  the  equivalent  energy  for  Kr+  ions  was 
therefore  400keV.  These  samples  were  then  arutealed  at  5(X)°C,  which  is  in  the  temperature 
range  used  for  liquid  epitaxial  layer  growth,  for  times  of  2,  4  and  6  hours.  The  anneals 
were  done  for  both  an  implanted  and  a  unimplanted  sample  (i.e.,  a  control  or  reference 
sample),  sealed  together  in  one  tube  with  a  purified  Ar  atmosphere.  Following  annealing, 
both  the  implanted  and  non-implanted  samples  were  etched  in  0.5,  1,  2,  4,  14,  34,  52, 
70pm  steps,  using  2%  Br  in  ethylene  glycol. 
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PL  experiments  were  perfonned  on  both  the  implanted  and  control  samples  following 
each  step  of  the  etching,  as  described  above.  The  results  of  these  measurements  were  used 
to  determine  the  effect  of  impurity  gettering. 

EXPERIMENTAL  RESULTS 

CdTe  has  a  direct  bandgap  of  1.6eV  at  1.8K.  Typical  low  temperature  luminescence 
data  commonly  show  a  pei  at  approximately  1.5930eV,  which  is  associated  with  the 
recombination  of  excitons  bound  to  shallow  neutral  donors  (D°X),  and  four  narrow  bands, 
at  approximately  1.5897,  1.5894,  1.5890  and  1.5886eV,  which  are  attributed  to  neutral- 
acceptor  bound  exciton  recombination  (A®X).  These  four  spectral  features  have  been 
associated  with  four  different  impurities,  Cu,  Li,  Na  and  Ag  [4,  5].  Fig.  1  shows  PL  data 
from  an  unimplanted  and  unarmealed  sample,  that  is  a  reference  sample,  and  an  implanted 
sample  that  has  been  atmealed  for  four  hours  and  etched  to  14iim.  Very  weak  D^X  lines 
and  sharp  A^^X  peaks  were  seen  in  the  spectra  of  all  samples  studied,  and  are  the  main 
features  used  for  studying  the  quality  of  this  material.  In  particular,  significant  changes 
were  noted  in  the  intensities  of  the  A°X  lines  as  a  result  of  treatment 
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Fig.  1.  Typical  PL  spectra  observed  from  CdTe  samples  at  t.4K.  (a)  Spectrum  from 
reference  sample,  which  is  unimplanted  and  unannealed,  (b)  Spectrum  from  implanted 
sample  after  4-hour  anneal  andl4{lm  etching. 
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There  are  two  main  mechanisms  by  which  the  intensity  of  A°X  lines  might  increase  in 
bulk  semiconductors.  One  is  an  increase  in  the  concentration  of  radiative  shallow  acceptors 
capable  of  binding  excitons,  while  the  other  is  a  decrease  in  the  concentration  of  deep 
centers,  which  provide  competing  non-radiative  pathways  for  recombination.  The  latter 
mechanism,  i.e.,  variations  in  the  non-radiative  component,  has  been  identified  as  the  most 
important  effect  controlling  the  luminescence  intensity  of  several  materials  [6,7].  Therefore, 
we  suggest  that  PL  intensities  of  the  A°X  lines  provide  a  good  indication  of  the 
effectiveness  of  various  annealing  and  gettering  procedures. 

Fig.  2  shows  the  PL  intensity  variations  of  three  of  the  common  acceptors,  Cu,  Li  and 
Ag,  as  a  function  of  depth  below  the  surface,  for  the  implanted  sample  after  a  4-hour 
anneal.  All  three  lines  have  a  similar  behavior:  low  intensity  near  the  surface  and 
dramatically  increased  intensity  from  about  10pm  to  approximately  60pm.  Beyond  this,  the 
intensities  keep  decreasing  with  increasing  depth  from  the  surface.  A  possible  explanation 
for  this  behavior  is  the  gettering  of  non-radiative  (NR)  deep  centers.  These  NR  centers 
might  be  likely  to  accumulate  in  the  region  of  high  implant  defect  density  in  order  to  relieve 
lattice  strain.  The  low  PL  intensities  near  the  surface  might  result  from  a  number  of  factors: 
a  high  density  of  NR  deep  centers  diffusing  to  the  implant-damage  region,  shallow 
impurity  gettering,  or  surface  Cd  loss;  on  the  other  hand,  the  high  PL  intensities  between 
10pm  and  60pm  is  most  likely  due  to  a  decrease  in  the  concentration  of  NR  deep  centers. 
The  decrease  of  the  intensities  in  the  deeper  region  might  result  from  a  gradual  increase  in 
NR  deep  centers  as  the  gettering  effect  b^mes  weaker  far  from  the  implant 
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Fig.  2.  Intensity  variation  vs  depth  from  the 
implanted  surface.  Cu,  Li  and  Ag  neutral  bound 
exciton  lines  have  a  similar  annealing  behavior,  the 
Cu  line  is  the  most  significant  one,  and  will  be  used 
to  study  gettering  in  subsequent  results  in  this  paper. 


The  change  in  the  intensity  of  the  Cu  line  is  most  significant.  Cu  is  of  particular 
interest  because  it  is  a  common  contaminant  in  CdTe.  For  example,  Cu  and  alkali  ion 
diffusion  from  CdTe  substrates  into  HgCdTe  ^ilayers  during  epitaxial  ^wth  has  been 
suspected  of  causing  high  acceptor  concentrations  in  the  epitaxial  material  [8].  We  have 
used  the  Cu  A®X  line  as  representative  of  the  general  band-edge  luminescence  intensity  in 
most  of  this  snidy. 


In  particular,  Cu  luntinescence  is  used  in  Fig.  3  to  show  the  effect  of  the  annealing 
time  for  the  implant  side  of  the  implanted  sample.  Compared  to  the  intensity  of  the 
reference  sample  (also  shown  in  Fig.3),  the  intensities  of  all  the  annealed  samples  arc 
considerably  higher  in  the  gettered  region  (i.e.  between  14  and  approximately  60pm  below 
the  surface).  The  4-hour  annealed  sample  shows  more  than  ten  times  higher  intensity  than 
that  of  the  reference  sample  at  the  optimum  depth  (14pm),  and  therefore  represents  the 
optimum  annealing  conditions. 
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Fig.  3.  Effect  of  annealing  time.  4-hour  annealing  is 
optimum,  which  shows  more  than  ten  times  higher 
PL  intensity  compared  to  that  of  the  reference  sample. 


Fig.4  shows  spectra  from  implanted  samples  annealed  for  4  and  6  hours  after  1pm 
etching.  The  low  intensity  of  the  6-hour  annealed  sample  might  result  from  "over 
annealing”  the  sample.  It  is  significant  that  this  decrease  in  intensity  is  correlated  with  the 
appearance  of  a  new,  high-intensity  peak  at  approximately  1.584eV,  which  dominated  the 
exciton  region,  as  shown  in  Fig.  4(b).  This  new  pe^  labeled  "X"  in  Fig.  4(b),  is 
suspected  to  be  due  to  the  formation  of  new  vacancy-related  defects  resulting  from  out- 
diffusion  of  Cd  during  the  long  annealing  [9]. 

The  ion-implant  damage  gettering  effect  is  compared  with  surface  defect  gettering  in 
Fig.  5,  which  shows  the  PL  intensity  variation  as  a  function  of  depth  after  4-hour  annealing 
of  an  implanted  and  unimplanted  sample.  The  similar  variation  of  the  Cu  line  intensity  for 
the  unimplanted  sample  indicates  that  some  gettering  occurs  without  implantation  oue  to 
surface  defects  on  the  unimplanted  samples.  However,  the  luminescence  intensity  in  the 
implanted  sample  is  2  to  5  times  stronger  than  the  unimplanted  sample,  and  the  gettering 
region  is  deeper.  These  data  imply  that  the  increased  luminescence  intensity  in  the 
implanted  sample  does  not  result  solely  from  the  annealing  of  deep  impurities  or  the  release 
of  impurities  from  macroscopic  defects  such  as  dislocations  and  precipitates  (all  of  which 
can  take  place  in  unimplanted  samples),  but  that  damage-induced  gettering  is  a  significant 
mechanism  in  the  implanted  sample.  Therefore,  ion-implantation  damage  gettering  of  the 
NR  deep  centers  is  mote  efficient. 
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Fig.  4.  PL  spectra  from  implanted  samples  that  have  been  annealed  for  4  and  6  hours. 
Tlw  domination  of  a  new  vacancy-related  peak,  denoted  'X’  in  (b).  shows  that  the  sample 
is  ovetannealed  in  6  hours. 
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Fig.  S.  Comparison  of  the  annealing  behavior 
between  implanted  and  non  implanted  samples.  The 
results  show  that  surface  gettering  occurs  without 
implantation,  but  that  implant-mduced  damage 
gettering  is  considerably  more  elTicient. 
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CONCLUSION 

From  PL  experiments  the  annealing  behavior  of  bulk  CdTe  material  was  studied  with 
and  without  implantation.  Implantation  and  annealing  at  the  temperature  at  which  liquid 
phase  epitaxy  takes  place  (~500OC)  can  be  explained  by  a  reduction  of  the  concentration  of 
deep  non-radiative  centers,  possibly  due  to  gettering  of  these  centers  at  implantation 
damage  and  at  the  surface.  The  region  effected  by  gettering  covers  a  depth  of  approximately 
50pm.  The  surface  gettering  effect  is  observed  to  be  much  weaker.  It  was  found  that  the 
optimum  anneal  time  is  four  hours  at  this  temperature. 
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ABSTRACT 


The  titlematerial  is  one  of  the  least  studied  among  the  II-VI  alloy 
systems.  So  far  it  has  not  been  possible  to  prepare  ZnTe  in  n-type  and 
CdSe  in  p-type  with  appreciable  conductivities.  Moreover  ZnTe  crystallises 
in  zincblende  whereas  CdSe  crystallises  in  wurtzite  structure.  Because  of 
the  varied  nature  of  the  end  compounds,  an  attempt  has  been  made  lo 
prepare  single  crystals  of  (ZnTe)  (CdSe)^  in  the  entire  range  of  'x'. 
The  alloy  material  in  the  entire  range”  of  composition  in  the  single 
crystalline  form  was  grown  by  a  modified  Piper-Plich  method.  The  grown 
crystals  of  this  alloy  system  have  been  subjected  to  chemical  analysis. 
DTA  and  DTG  studies  carried  out  on  these  alloys  did  not  show  any  phase 
transitions.  However  two  exothermic  peaks  associated  with  increase  in 
mass  were  noticed.  This  has  been  attributed  to  oxidation  effects  of  Se/Te 
or  Cd/Zn.  XRD  data  though  showed  some  regularity  near  end  compositions 
there  is  still  some  ambiguity  for  the  midule  compositions.  Energy  gap 
obtained  from  reflection  spectra  and  also  photocurrent  spectral  response 
showed  bowing.  However,  there  is  a  marked  different  feature  at  one  of  the 
end  regions.  The  growth  and  the  results  of  all  the  above  mentioned 
investigations  are  presented  and  discussed  in  this  paper. 


INTROUDCTION 

Method  of  alloying  semiconductors  in  single  crystalline  form  is 
ostensibly  of  both  basic  and  applied  interest.  While  the  former  interest 
tries  to  see  the  coherent  behaviour  of  atomic  systems,  the  latter  engineers 
physical  properties  of  materials  for  feasible  technological  use.  Ail  ll-vi 
semiconductors  crystallise  either  in  cubic  zincblende  or  hexagonal  wurtzite 
structure.  Among  these  CdTe  is  the  only  semiconductor  which  can  be 

prepared  in  both  n  and  p  types  with  appraciabie  conductivities.  Careful 

analysis  of  autocompensation  phenomenon  based  on  the  stringent 
experimental  conditions  [Ij  used  to  prepare  the  other  II-VI  compounds  in 
both  types  did  not  lead  to  any  simple  method  of  preparing  these  in  both 

n  and  p  types  with  desired  conductivities.  Therefore,  to  bridge  the  gap 

alloys  are  used  to  tailor  some  of  the  physical  parameters  of  II-VI 

compounds.  In  general  sulphides  and  tellurides  are  not  completely 
miscible.  This  is  due  to  the  incompatible  ionic  radii  of  sulphur  and 

tellurium  in  the  same  lattice[2j.  The  end  compounds  of  (ZnTe)^(CdSe)^ 
quaternary  system  have  diverse  properties.  Their  structure  an3 

conductivity  type  normaly  obtained  are  different.  Also  the  mutual 

quaternary  system  (ZnSe)  (CdTe)^_^  has  already  been  studied  in  detail  by 
many  workers[  2, 3, 4, 5] .  ^itrikhovski[6] ,  Vitrikhovski  et  al[7]  and  Olenik 
et  al  [8]  have  reported  some  interesting  conflicting  results  on  the 

miscibiity  and  the  nature  of  these  mutual  systems.  Therefore,  in  the 

present  investigation  single  crystals  of  (ZnTe)  (CdSe)^  in  the  entire 
range  of  'x'  have  been  prepared  and  characterised,  ^he  results  are 
compared  with  the  earlier  results  on  melt  grown  crystals. 


Mat.  Rat.  Soc.  Symp.  Proc.  Vol.  161.  <  1990  Matarialt  Rataarch  Soclaty 


52 


EXPERIMENTAL 


Single  crystals  of  (ZnTe)  (CdSe)-_  in  the  entire  range  of  'x' 
( x=0.0,0. 2 ,0.4,0. 5,0.6,0,8, 1 .0)  fiave  beefi  prepared  using  a  modified 
Piper-Polich  vapourphase  growth  method(Fig.1 )  described  elsewehre  in 
detail[3] . 


^  ^  ^  A  A  A.  A  ^  ^ 


€»eMA««C  ,  KsOAOWINA  CATSTAL  ,  ATsAROWTH  tU8e  ,  PsPUANACC  » 
MstACKiM  tUAATZ  TUIC  ,  «As  QUARTZ  AOO  ,  QCrQUARTZ  CAAIUART  , 
fQa«>MrCCTlVC  QUARTZ  TUBE. 

FiB.t  CXFCBtMENTAL  SETUP  FOR  VAPOUR  PHASE  GROWTH 


The  source  material  for  crystal  growth  is  prepared  by  sintering  the 
appropriate  quantities  of  99,99%  pure  (Balzers,  Switzerland)  ZnTe  and  CdSe 
in  an  atmosphere  of  argon  at  about  750°C  for  two  to  three  days.  After  the 
necessary  ampoule  preparation  the  growth  is  carried  out  at  about  1100°C  in 
argon  atmosphere  for  7  to  10  days.  Good  crystals  of  1cm  diameter  are 
obtained  when  pull  rates  of  less  than  icm/day  are  used.  Single 

crystallinity  is  confirmed  by  the  observation  of  spots  in  X-ray 

backreflection  photographs. 

The  chemical  analysis  of  Cd  and  Zn  has  been  carried  out  by  atomic 
absorption  spectroscopy  using  Varian  AA  575  atomic  absorption  spectrometer 
with  an  accuracy  of  about  1%.  DTA  and  DTG  are  carried  out  in  the 

temperature  range  30-900°C  with  a  heating  rate  of  10°/min.  Aliumina 

crucible  is  used  as  reference  and  Pt/Pt-Rh10%  thermocouple  is  used  for 
temperature  sensing.  XRD  data  is  obtained  from  a  computerised  Philips 
diffractometer  with  Cu  K<  radiation.  Diffuse  reflectance  specra  (300-900nm) 
iz  oblcitied  using  a  Cary  2390  spectophotometer .  The  photon  energy 

corresponding  to  the  point  of  interesection  of  the  two  linear  reflectance 
regions  near  the  band  edge  is  taken  as  the  band  gap.  The  band  gap  is 
also  determined  by  noticing  the  peak  in  photoconductivity  spectral 
response(  200-900nm ) .  A  CEL  monochromator  with  600W  halogenlamp  is  used 
for  this  study. 
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RESULTS  AND  DISCUSSION 


The  source  and  the  estimated  compositions  of  Zn  and  Cd  in  the  grown 
crystals  are  given  in  table. I. 


Table. I. Chemical  composition  of  (ZnTe)^(CdSe)^  ^  crystals 


X 

0.0 

0.2 

0.4 

0.5 

0.6 

0.8 

1  .0 

Target  Zn 

m% 

— 

6.82 

13.62 

17.00 

20.39 

27.15 

33.88 

Estimated 

" 

— 

6.92 

13.76 

16.68 

20.12 

26.77 

33.88 

Target  Cd 

wt% 

58.74 

46.91 

35.13 

29.25 

23.38 

11.67 

Estamated 

58.74 

46.56 

34.88 

29.43 

23.40 

1  1  .43 

— 

It  is  clear  from  the  table  that  the  deviations  from  the  target  compositions 
are  not  very  significant.  Therefore  in  the  discussion  only  target 
composition  is  used.  DTA  and  DTG  of  two  compositions  {x=0.5  and  0.8)  are 
shown  in  Fig. 2.  Apart  from  the  usual  endothermic  vaporisation  process 
distinct  exothermic  peaks  associated  with  increase  in  mass  in  DTG  were 
noticed.  The  peak  positions  of  all  the  compositions  are  given  in  Table. II. 


rtg  1  OTA  and  OTO  (Znit),  TC4  S*),. ,  <r)rstolf 
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Table. 11;  DTA  peaks  of  (ZnTe)^(CdSe)^  ^  single  crystals(°C) 


0.0 

0.2 

0.4 

0.5 

0.6 

0.8 

1  .0 

258 

300 

235 

236 

258 

258 

— 

754 

747 

654 

619 

662 

539 

688 

654 

705 

663 

729 

680 

742 

Tliese  peaks 
those  found  in 


can  not  be  attributed  to 
(ZnSe)  (CdTe),  because 

X  I  -X 


structural  changes  similar  to 
these  occur  at  still  higher 
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temperatures  [5]  and  also  increase  in  mass  (DTG)  has  been  observed. 
These  might  be  due  to  the  formation  of  oxides  of  Se/Te;  Cd/Zn  and 
selenates  and  tellurates  of  Cd/2n.  But  the  oxides  of  Se/Te  and  selenates 
and  tellurates  of  Zn/Cd  have  low  melting/dlssociatlon  temperatures  and 
hence  can  not  account  for  the  increase  in  mass.  Oxides  of  2n  and  Cd  are 
stable  even  at  high  temperatures  and  therefore  the  peaks  might  be  due  to 
oxidation  of  Zn/Cd.  However,  this  has  to  explain  the  sharpness  of  the  DTA 
peaks  also.  It  is  also  clear  from  Fig. 2  that  the  evaporation  process  is 
faster  than  the  heating  rate. 

The  structures  of  specimens  of  ail  the  compositions  have  been 
pgtermined  by  analysing  the  XRD  data.  This  showed  cubic  structure  for 
X  >  0.4.  For  O.O-^xiO.A  the  strucure  is  hexagonal.  Fig.  3  shows  the 
corresponding  lattice  constants  of  all  the  compositions.  The  transition  from 
hexagonal  to  cubic  is  sharp  and  takes  place  near  x=0.4. 


Qh  ch 


Sharp  deviation  in  lattice  constants  from  linearity  (Vegard's  law)  is  also 
found  in  samples  with  x  =  0.4.  However,  V  itrikhovsk  i  [6]  reported 
structural  ambiguities  in  the  ratige  0.35  ^  x  ^  0.4  in  the  nielt  grown 

crystals. 

The  band  gap  values  obtained  from  diffuse  reflectance  and 

Photoconductivity  spectral  response  are  not  significantly  different.  These 
values  are  marked  in  Fig. 4  as  functions  of  composition.  Band  gap  varied 
nonlinearly.  The  data  is  fitted  to  the  usual  second  order  equation  in  X  and 
found  to  satisfy  the  equation. 

2 

Eg(x)=1. 706-0. 156x  ♦  0.724  x 


(1) 
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^  ^  Compositior 

.  . 

tn<rgy  g^p  ««ri4iieri  with  cempositton  X  pt 
ZnTt,  Cd$«|.j  crytuis 


The  curve  in  Fig. 4  is  drawn 
according  to  the  above 
equation.  The  bowing  parameter 
(coefficient  of  x"^)  is  0.724. 
This  shows  that  the  energy  gap 
passes  through  a  minimum  at 
about  x=0. 1 .  However, 

Vitrikhovski's  data  [6]  shows 
that  it  occurs  near  about 
X=0.4.  By  taking  the  variation 
of  bowing  parameter  with 

composition,  b{x)  as  per  the 
pseudopotential  approach  it  is 
found  that  the  bowing 
parameter  increases  with 
increase  of  lattice  constant 
thereby  showing  that  Constancy 
of  b(x)  X  a(x)  [9]  is  not 
maintained  in  support  of 
pseudopotential  model.  This 
might  be  due  to  the  structural 
intricacies  involved  in  this 
system.  At  x=0.5 

(ZnTe)  (CdSe)  and 

(ZnSe)^  (CdTe)  systems  are 
identical  in  chemical 

composition.  The  structjres  of 
both  are  cubic  zincblende  with 
lattice  constants  of  6.08  A°  and 
6.07  A°  [A]  and  are  almost 
equal  within  experimental 
errors.  However,  the  energy 
gap  of  (ZnTe)  ,(CdTe).  ,  is 
1.82  eV  and  thaT  of  (ZnSe)r, 
(CdTe)Q  5  is  1.68  eV  [a],  fhe 
above  data 


is  for  vapourphase  grown  crystals  prapared 
compounds  as  source  materials.  Therefore  the 
seems  to  control  the  position  of  atoms  and 
reported  splitting  of  ZnTe-CdSe  system  in  to 
occur  in  the  vapour  grown  crystals. 


using  the  respective  binary 
nature  of  the  source  material 
hence  their  properties.  The 
CdTe-ZnSe[8]  is  not  found  to 


CONCLUSIONS 


of  solid  soultions  in  the  entire  range 

ZLn  n  TK  A'l.  P  splitting can  be  obtained  by  vapourphase 

chloes  Tbe  r  structural  phLe 

changes.  The  crystals  are  cubic  for  x  >  o.A.  The  energy  gap  passes 

through  minimum  around  x=0.i.  The  bowing  can  not  completely  be  Lc^nt^d 
?nto'^accounT  structural  intricacies  have  to  be  taken 
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ABSTRACT 

We  used  photoluminescence  spectroscopy  to  monitor  CdTe  in-situ  during  surface 
processing  in  order  to  optimize  the  surface  electronic  quality.  Spectra  of  optimally-prepared  (100) 
films  grown  by  molecular  beam  epitaxy  reveal  low  intensity  emission  from  deep  states  relative  to 
typical  bulk-grown  material. 


INTRODUCTION 

CdTe  is  used  as  a  substrate  for  epitaxial  growth  of  U-Vl  compounds  as  well  as  an  active 
part  of  various  electronic  devices  [1).  The  characteristics  of  such  devices  are  often  sensitive  to  the 
surface  and  interface  properties  of  CdTe  as  well  as  the  the  bulk  properties.  Photoluminescence 
(PL)  is  widely  used  as  a  characterization  tool  for  CdTe,  and  is  sensitive  to  the  presence  of  a  variety 
of  mid-gap  as  well  as  shallow  states,  which  may  be  local  to  the  CdTe  surface  [2,3].  The  presence 
of  deep  states  at  the  surface  can  increase  the  recombination  rate,  alter  the  surface  band  bending,  and 
influence  the  Schottky  barrier  height,  all  of  which  may  influence  the  PL  spectrum  [2,4].  Thus  to 
ensure  reliable  comparison  of  bulk-related  features,  the  surface  condition  must  be  controlled.  High 
quality  (110)  CdTe  surfaces  may  be  obtained  by  cleaving  the  crystals  in  ultra  high  vacuum  (UHV) 
[2-4].  However,  characterization  of  epitaxially-grown  material  or  orientations  other  than  (110) 
require  tut  alternative  preparation  method.  Here  we  report  the  use  of  PL  to  optimize  (IIX))  CMTe 
surfaces  prepared  by  chemical  etching  followed  by  thermal  desorption  in  UHV  [5]. 


EXPERIMENTAL  DEFAILS 

We  grew  CdTe  films  from  CdTe  sources  on  (100),  (111),  and  (211)  CdTe  substrates 
(GalTech)  in  an  Riber  2300  MBE  machine.  In  some  cases  a  Te  source  as  well  as  a  CdTe  source 
was  used.  Substrate  preparation  involved  etching  in  0.05%  Br:methanol  (to  remove  -0.4 
pm/min),  rinsing  in  methanol,  blowing  dry  v/ith  N2,  and  transferring  to  UHV;  all  under  N2 
atmosphere.  This  process  leaves  e.xcess  Te  on  the  surface  but  no  contamination.  Heating  to  the 
growth  temperature  (250-335  C)  in  UHV  desorbs  the  excess  Te.  The  fmished  films  were  stored  in 
air  for  several  weeks,  then  re-etched  in  the  same  way  prior  to  analysis  in  a  second  UHV  chamber. 

PL  sj^tra  were  measured  witli  the  fitms  held  at  80  K.  The  focused  beam  of  either  a  HeCd 
(442  nm,  extinction  length  1(X)  nm)  or  HeNe  laser  (extinction  length  200  nm)  provided  excitation. 
Only  the  blue  He(!d  laser  was  used  for  the  spectra  reported  here.  Luminescence  in  the  range  0.4- 
1.6  eV  was  dispersed  by  flint  glass  or  CaF2  prisms  and  phase-detected  with  Ge  or  InSb 
photodiodes.  The  response  function  of  the  detection  system  was  deconvolved  from  the  spectra. 
Auger  electron  spectra  (AES)  were  mt  asured  at  room  temperature  with  a  normal  incidence,  2  kV, 
0.5  mA,  1  um  electron  ^am  and  a  cylindrical  miiror  analyzer  (CMA)  modulated  through  2  eV  at 
10  kHz.  To  avoid  electron  beam  damage,  the  position  of  the  electron  beam  was  not  flowed  to 
dwell  on  any  portion  of  the  surfaces  used  to  measure  PL  spectra.  The  University  of  Wisconsin’s 
Aladdin  synchrotron  light  source  and  the  Mark  V  Grasshopper  monochromator  combined  with  a 
double  pass  CMA  provided  <0.3  eV  resolution  for  the  soft  x-ray  photoemission  (SXPS) 
measurements.  The  SXPS  measurements  were  made  with  the  specimen  at  80  K  in  order  to  allow 
in-situ  PL  measurements. 
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RESULTS 

Figure  1  shows  PL  spectra  of  air-exposed  (111)  CdTe  films  grown  under  various 
conditions.  The  spectra  contain  near  band  edge  (NBE)  emission  plus  bands  peaked  at  O.S,  0.9, 
1.3  and  1.4  eV.  The  spectral  shape  varied  across  the  surface,  with  the  red  vs.  blue  laser,  and  with 
the  specimen.  Similar  variations  were  noted  in  spectra  of  (100)  and  (211)  CdTe  films.  The 
surface  variations  were  probably  due  to  changes  in  band  bending  across  the  surface  (discussed 
below),  whereas  the  changes  observed  between  specimens  probably  reflect  various  concentrations 
of  mid-gap  states.  The  temperature  we  used  'HOK)  was  too  high  to  allow  resolution  of  the 
individual  features  near  the  band  edge,  however  changes  in  the  shape  and  position  of  the  NBE 
peak  were  noted. 

Figure  2  shows  PL  spectra  of  three  air-exposed  (100)  CdTe  films.  The  (100)  films  were 
selected  for  further  study  ba^  on  their  low  luminescence  intensity  at  energies  below  1.4  eV.  llie 
substrate  used  to  grow  these  films  had  relatively  intense  luminescence  near  1.4  eV,  which  may 
have  contributed  to  ttie  observed  emission  in  that  region. 


Photon  Energy  (eV)  Photon  Energy  (eV) 


Figure  1 .  PL  spectra  of  air-exposed  (111)  Figure  2.  PL  spectra  of  air-exposed  ( 1 00)  MBE 

CdTe  films  grown  as  indicated  MBE  CilTe  films  grown  as  indicated. 

Figure  3  shows  PL  spectra  of  the  (100)  film  grown  at  335  C  with  additional  Te  flux. 
Teatment  of  the  film  grown  without  Te  flux  yielded  similar  results.  The  surface  was  cleaned  using 
the  procedure  described  above  for  MBE  substrates,  except  that  the  desorption  was  carried  out 
incrementally,  with  PL  and  ^ES  spectra  measured  after  each  60  second  heat  treatment.  The  AES 
spectra  of  these  surfaces  showed  no  C  or  O  contamination,  and  verified  that  the  Te/Oi  ratio  was 
reduced  to  that  of  a  UHV-cleaved  (110)  surface  after  heating  to  2(X)-2S0  C,  depending  on  the  time 
at  elevated  temperature.  To  within  our  experimental  error  (^%),  no  further  change  in  Te/Cd  ratio 
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was  observed  after  additional  heat  treatinents  up  to  500  C.  The  initial  Te-rich  surface  showed  no 
detectable  luminescence,  however  intense  NBE  emission  developed  quickly  with  Te  desorption. 
The  NBE  peak  intensity  and  energy,  as  well  as  the  intensity  of  the  1.4  eV  band  all  increased  with 
heat  treatments  up  to  250  C.  These  changes  were  reversed  by  additional  heat  treatments  above  250 
C.  Both  the  time  and  temperature  of  £e  heat  treatments  contribute  to  the  optimal  desorption 
conditions,  thus  longer  or  shorter  heat  treatments  will  require  lower  or  higher  temperatures  to 
achieve  sirnilar  results. 


Figure  3.  PL  spectra  of  a  (100)  CdTe  film  Figure  4.  SXPS  valence  band  spectj-um 

grown  335  C  after  etching  and  heat  treatment  (hv=80  eV)  of  a  (100)  MBE  CdTe  film  grown 

at  the  temperatures  indicated.  at  335  C  after  etching  and  heat  treatment. 

The  increase  in  both  the  NBE  peak  energy  and  the  intensity  at  1 .4  eV  may  be  explained  by 
a  reduction  of  the  band  bending  near  the  surface  as  Te  is  desorbed.  The  initial  Te-rich  surface 
produced  no  NBE  recombination  because  the  surface  band  bending  was  large  enough  to  form  a 
depletion  layer  deepei  than  the  layer  where  electron-hole  pairs  are  created,  and  thus  separate  all 
losely  bound  electron  hole  pairs.  (The  Te-rich  surface  layer  might  also  cause  increased  non- 
radiative  surface  recombination.)  Lower  energy  emission  from  deep  level  recombination  might  still 
have  been  produced,  hence  the  lack  of  any  observed  low  energy  luminescence  (in  any  of  the 
spectra)  indicates  that  few  deep  trap  states  exist  near  the  surface,  and  attests  to  the  high  quality  of 
the  MBE  material  After  the  first  desorption  at  200  C,  the  band  bending  is  reduced  sufficiently  to 
permit  son*  NBE  recombination,  however  the  low  energy  of  the  NBE  peak  (-1.55  eV)  indicates 
that  the  electric  field  near  the  surface  is  still  large  enough  to  favor  recombinations  from  more  tightly 
bound  electron-hole  pairs,  such  as  those  bmnd  to  acceptor  states,  over  the  higher  energy 
transitions.  The  relative  intensity  from  the  highter  energy  transitions,  and  thus  the  energy  position 
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of  the  NRE  peak,  increased  further  after  heat  treatments  at  225  C  and  250  C,  where  the  NBE  peak 
energy  reached  its  maximum  of  ~1.59  eV.  We  have  previously  observed  a  similar  change  in  the 
PL  NBE  peak  position  after  Au  deposition  induced  band  bending  (measured  with  SXPS)  at  a 
UHV-cleaved  (1 10)  CdTe  surface  [4]. 

The  anomolously  high  intensity  of  the  PL  band  near  1.4  eV  measured  after  the  250  C 
desorption  indicates  that  the  band  bending  at  both  the  surface  and  at  the  substrate-epilayer  interface 
was  small  enough  to  allow  diffusion  of  electrons  and  holes  into  the  substrate  (or  the  interface 
region),  where  the  recombination  producing  the  1.4  eV  luminescence  occured.  Thus  the  presence 
of  the  1.4  eV  band  in  the  spectrum  measu^  after  the  250  C  heat  treatment  shows  that  that  the 
carriers  in  the  MBE  layer  had  long  enough  recombination  tinres  to  diffuse  through  several  (-5)  ^m 
of  material  to  the  substrate  interface,  as  well  as  flat  band  conditions  at  both  the  surface  and  bulk 
interfaces. 

Heating  to  450  C  and  above  produced  a  new  deep  level  luirrinescence  band  peaked  at  0.5 
eV.  The  same  low  energy  band  also  developed  after  expc»ing  the  surface  to  a  1  kV,  1  mA  electron 
beam  focused  into  a  1(X)  pm  spot  for  5  min.  The  electron  beam  damage  also  reduced  the  NBE 
emission  to  a  small  flaction  of  its  original  intensity.  The  electron  beam  damage  was  renooved  by 
re-etching  and  re-heating  the  surface,  indicating  that  it  was  confined  to  the  near  surface  region. 

Figure  4  shows  a  valence  band  spectrum  of  a  (1(X))  MBE  CMTe  film  measured  after  etching 
the  surface  and  optimal  heat  treatment  as  monitored  by  PL.  The  spectrum  shows  the  double 
peaked  structure  routinely  observed  for  UHV-cleaved  (110)  CdTe  and  other  semiconductors.  This 
structure  is  not  observed  when  the  surface  contains  small  amounts  of  contamination  or  excessive 
step  density,  and  is  often  used  as  a  standard  of  surface  quality.  Thus  our  observation  of  the 
valence  band  structure  verifies  the  high  electronic  quality  of  the  surfaces. 

CONCLUSIONS 

We  have  demonstrated  that  the  significant  changes  in  the  PL  spectrum  which  occur  due  to 
surface  effects  can  be  used  to  optimise  the  CdTe  surface  electronic  properties  by  monitoring 
surface  processing  in-situ  with  PL.  Optimising  CdTe  surface  preparation  in  this  way  may  lead  to 
improve  and  more  controlled  interfaces  between  CdTe  and  both  metals  and  semiconductors. 
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ABSTRACT 

Thin-film  epitaxial  layers  on  silicon  substrates  are  being  actively  developed  as  an 
alternative  to  bulk  substrates  for  infrared  detectors.  Success  in  this  development  is 
expected  to  yield  improvements  in  size,  .‘trength,  monolithic  signal  processing,  and  cost  of 
the  detector  arrays.  To  provide  feedback  to  the  thin-film  growth  process,  this  study  has 
investigated  the  structural  and  chemical  properties  of  these  films.  CdTe  or  CdZnTe  was 
grown  on  GaAs  on  Si  wafers  by  metalorganic  chemical  vapor  deposition  (MOCVD) 
followed  by  the  growth  of  HgCdTe  by  liquid-phase  epitaxy  (LPE).  Development  of  TEM 
specimen  preparation  techniques  permitted  investigation  of  materials  with  up  to  four  layers. 
Cross  sectional  TEM  and  AEM  investigations  resulted  in  the  following  observations: 
Selected  area  diffraction  and  CTEM  show  relations  between  the  layers  and  structural 
defects.  High  resolution  imaging  of  the  multilayers  reveals  that  most  of  the  heteroepitaxial 
misfit  is  accomodated  by  misfit  dislocations.  Many,  but  not  all,  stacking  faults  and 
dislocations  which  propagate  across  the  films  appear  to  be  related  to  structural  interface 
defects.  The  evidence  indicates  that  there  is  little,  if  any,  contamination  at  MOCVD  and 
LPE  interfaces.  Interface  defects  mainly  appear  to  be  extremely  minute  pits  or  hillocks. 
AEM  investigations  of  interface  regions  have  demonstrated  a  redistribution  of  material 
close  to  the  CdZnTe  /  HgCdTe  interface. 


INTRODUCTION 

A  key  issue  in  the  reliability  of  infrared  detectors  is  their  survival  under  repeated 
thermal  cycling  from  room  temperature  to  cryogenic  operating  temperatures.  Thermal 
mismatch  between  the  II-VI  detector  elements  and  the  silicon  chips  us^  for  signal  readout 
causes  destructive  stresses  during  cycling.  In  addition,  significant  cost  savings  should  be 
realized  with  the  use  of  silicon  wafer  automated  processing  technology.  However,  growth 
of  single  crystal,  high-quality  HgCdTe  materials  directly  upon  silicon  has  been  found  to  be 
extremely  difficult.  Therefore,  thin-film  buffer  layers  have  been  grown  on  the  silicon  prior  to 
growth  of  the  active  detector  layers.'  Single-crystal,  thin-film  layers  of  GaAs  have  been 
successfully  grown  on  silicon  and  are  now  available  commercially  (Kopin  Corporation).  The 
large  lattice  mismatch  between  GaAs  and  HgCdTe  (HCT)  requires  first  a  growth  of  a  CdTe 
or  CdZnTe  (CZT)  layer  as  a  lattice-matching  buffer  layer.  These  films  have  been  prepared 
by  molecular  beam  epitaxy  (MBE)',  hot-wall  epitaxy^,  evaporation and  metalorganic 
chemical  vapor  deposition  (MOCVD).^'*  HgCdTe  thin-film  layers  for  IR  detectors  have 
been  grown  on  CdTe  or  CZT  by  liquid-phase  epitaxy  (LPE),^  MOCVD’  and  MBE.* 

Previously,  TEM  has  been  used  successfully  to  characterize  thin-layers  of  CdTe 
grown  on  GaAs  by  MBE  and  MOCVD.^-''*  LPE  growths  of  HgCdTe  on  CdTe  or  CZT  have 
been  examined  by  TEM.'^’i*  This  paper  covers  the  results  accomplished  by  TEM  and 
AEM  of  multilayer,  heteroepitaxial  structures.  X-ray  rocking  curve  analysis  and 
measurement  of  electrical  properties  of  the  same  films  have  been  performed  by  Johnson  et 
al.”  The  structures  investigated  here  also  have  been  processed  recently  into  128  X  128 
detector  arrays,  which  show  good  electrical  perfotmance  and  imaging  performance.'* 
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EXPERIMENTAL  PROCEDURE 

The  investigated  structures  consisted  of  a  buffer  layer  of  CdZnTe  grown  by  MOCVD 
on  a  commercially  available  GaAs  thin  film  deposited  on  Si.  In  addition,  films  of  HgCdTe 
were  grown  by  LPE  on  some  of  the  buffer  layers. 

MOCVD  layers  of  nominally  Cd0.96Zn0.04Te  were  grown  on  a  GaAs/Si  { 100)  4°  to 
<11 1>  substrate.'  MOCVD  growth  of  the  CZT  layer  was  done  by  a  standard  pyrolytic 
process  at  a  substrate  temperature  of  441  C.  In  the  reactor,  the  substrate  was  heated  to 
600  C  under  flowing  hydrogen  for  20  minutes,  then  cooled  to  the  growth  temperature.  The 
reactants  used  for  CCT  deposition  were  dimethyl  cadmium,  diethyl  zinc,  and  diethyl 
telluride.  Typically,  deposition  was  performed  for  alx>ut  3  hrs  at  a  rate  of  1.8  pm  h"'  forming 
a  6  pm  thick  layer. 

An  LPE  layer  of  Hgo.7Cdo.3Te  was  grown  on  top  of  the  above  strucmre  from  a  Hg- 
rich.  In-doped  melt  containing  about  6.5%  Te  and  0.003%  Cd.  The  material  was  first 
prepared  with  a  ultraviolet  light  and  ozone  treatment  followed  by  etching  in  a  solution  of 
0.2%  bromine  in  methanol.  The  growth  occurred  by  ramping  temperature  between  474  and 
469  C  and  resulted  in  an  approximately  5  pm  thick  layer.  The  morphological  properties 
tended  to  replicate  that  of  the  underlying  material.  The  entire  structure  was  subsequently 
annealed  in  a  saturated  Hg  atmosphere  at  250  C  for  4  hrs.  The  electrical  properties  were 
measured  on  a  small  sample  by  using  the  van  der  Pauw  method  of  Hall-effect 
measurement.  This  measurement  indicated  that  the  material  was  about  4xl0'5/cm3  n-type 
with  a  mobility  of  about  4x10*  cm^A^  s  at  a  temperature  of  77  K. 

In  order  to  retain  the  integrity  of  the  multi-layer  structure  throughout  the  specimen 
preparation  for  TEM,  a  ceramic  cylindrical  rod  and  tubing  assembly  of  alumina  was  used.  A 
sandwich  of  two  substrates  with  the  thin-film  regions  face  to  face  was  cemented  (M-Bond 
610,  Measurements  Group,  Raleigh,  N.C.)  into  a  slit  in  the  alumina  rod  and  held  in  place  by 
the  outer  alumina  cylinder.  Discs  were  cut  perpendicular  to  the  rod  axis  and  mechanically 
ground  and  polished  down  to  100  pm  thickness.  The  discs  were  dimpled  from  one  side  and 
subsequently  ion-thinned  to  perforarion  using  a  liquid-nitrogen  cold  stage.  The  sftecimens 
were  carbon-coated  to  provide  conductivity. 

TEM  and  AEM  studies  were  performed  in  a  400  kV  analytical  high  resolution 
instrument  (JEOL  4000  FX).  Energy  dispersive  x-ray  spectroscopy  (EDS,  Tracor 
Northern)  and  parallel  electron  energy  loss  spectroscopy  (PEELS,  Gatan)  instruments 
were  used  for  AEM  studies.  During  all  investigations  a  double  tilting  specimen  holder  with 
a  low-temperature  stage  to  reduce  contamination  was  used.  Spot  sizes  used  for 
microanalysis  were  typically  10  to  20  nm  diameter. 


RESULTS  AND  DISCUSSION 

The  low  magnification  image  in  Fig.  I 
shows  a  typical  region  of  the  four  layer 
structure  consisting  of  tm  LPE  HCT  film  grown 
on  an  MOCVD  CZT  buffer  layer  deposited  on 
an  MOCVD  GaAs  layer  on  a  Si  substrate.  The 
portion  of  the  study  reported  here  concentrated 
on  the  microstructural  and  microchemical 
characterization  of  the  GaAs  /  CdZnTe  and 
CdZnTe  /  HgCdTe  interfacial  regions  in  the 
multilayer  structures.  A  number  of  the  features 
observed  are  related  to  the  processing 
techniques  used  during  growth  of  the  layers. 


Fig.  1 .  Low  magnification  image  of  a 
typical  four  layer  structure. 


The  MOCVD  deposition  of  the  CdZnTe  buffer  layer  on  the  GaAs  substrate  material 
forms  a  sharp,  planar  interface,  as  shown  in  Fig.  2.  A  high  dislocation  density  is  visible 
near  the  interface  in  the  CZT  layer.  Within  about  2  pm  of  growth  of  the  CZT,  the  dislocation 
density  has  diminished  significantly  and  only  a  few  threading  dislocations  (Lomer-Cottrell 
type®'**)  propagate  into  the  HCT  layers.  The  annihilation  of  the  dislocations  by  intersection 
with  others  appears  to  be  the  primary  mechanism  for  the  improving  defect  density  as 
growth  continues.  In  many  cases,  threading  dislocations  arc  associated  with  micropits  at 
the  interface  (Fig.  2b),  but  there  is  no  consistent  relationship  between  the  observ^  pits 
and  the  threading  dislocations  generated  at  the  interface. 


a)  b) 


Fig.  2  Threading  dislocations  (a)  independent  and  (b)  associated  with  micropits  at  the 
[100]  GaAs  /  [100]  CdZnTe  interface. 

Chemical  analysis  combining  EDS  and  PEELS  techniques  of  this  interface  gave 
results  related  to  the  GaAs  surface  treatment  prior  to  the  MOCVD  CZT  deposition.  No 
contaminants  were  detectable  at  or  near  the  interface  using  EDS,  and  no  oxygen,  carbon, 
nitrogen,  or  other  light  elements  were  detected  with  PEELS  analysis.  Moreover,  no 
contamination,  segregation,  or  amorphous  layer  at  the  interface  could  be  detected,  indicating 
that  the  cleaning  and  heat  treatment  prior  to  deposition  of  the  CZT  do  not  result  in 
significant  amounts  of  impurities.  A  careful  examination  near  the  interface  showed  that  no 
enrichment  of  Ga  or  As  depletion  occurred  during  the  elevated  temperature  pre-treatment. 
Although  Ponce  et  al*'  suggest  that  the  micropitting  is  a  result  of  this  high  temperature 
processing,  the  presence  of  very  small  hillocks  as  well  as  the  pits  indicates  that  this  may 
not  be  the  mechanism  of  pit  formation  (Fig.  3a).  These  interface  features  may  be  the  result 
of  the  pre-deposition  chemical  etch.  The  dimensions  of  the  pits  and  hillocks  were  too  small 
(typically  <  20  nm)  to  detect  any  chemical  contaminants  which  might  have  been  associated 
with  them.  Although  the  growth  conditions  for  the  layers  studied  here  had  previously 
produced  CZT  layers  of  2  wt.%  zinc,  Zn  was  undetectable  by  EDS  analysis  in  these  layers. 
That  this  was  not  an  artefact  of  the  TEM  preparation  or  observation  was  verified 
independently  on  one  of  the  samples  with  a  scanning  electron  microscope  and  EDS. 


Fig.  3  High  resolution  images  of  the  GaAs  /  CdZnTe  interface;  (a)  hillock  and 
(b)  misfit  dislocation  (observed  along  [Oil]  orientation). 

Primary  misfit  dislocations  adapt  the  lattice  mismatch  between  CdZnTe  and  GaAs 
of  14.7%  (Fig.  3b).  Ponce  et  al^'"  reported  a  misfit  dislocation  distance  of  3.1  nm  in  MBE- 
deposited  CdTe  as  is  predicted  from  calculations  assuming  the  strain  is  entirely 
accommodated  by  these  dislocations.  In  the  present  material  relief  of  the  stresses  appears 
to  be  shared  (i)  by  the  misfit  dislocation  period  of  about  3.6  nm,  (ii)  by  an  approximately  3 
degree  lattice  tilt  of  the  CdZnTe  relative  to  the  GaAs,  (iii)  remaining  strain  in  the  lattice, 
and  (iv)  Zn  interdiffusion  in  the  lattice. 

Characterization  of  the  CZT  /  HCT  interface 

As  a  result  of  the  liquid-phase  growth  temperatures,  melting  and  interdiffusion 
causes  the  CdZnTe  /  HgCdTe  boundary  be  a  diffuse  interface.  PEELS  analysis  over  this 
region  did  not  detect  any  light  element  contaminants.  EDS  analysis  determined  the 
concentration  distribution  shown  in  Fig.  4a.  This  distribution  is  not  substantially  different 
from  that  given  by  Nouruzi-Khorasani  et  al'*  for  LPE  HCT  grown  on  bulk  (111)  CdTe  and 
CZT. 


a)  b) 


Fig.  4  CZT  /  HCT  interface  region:  (a)  elemental  distribution,  and  (b)  high  resolution 
image  of  intermediate  region  (incident  beam  parallel  [01 1]). 


High-quality  HgCdTe  detectors  for  infrared  radiation  require  high-quality  material  of 
low  defect  density.  Although  the  defect  density  in  the  CZT  /  HCT  interface  region  is  rather 
high  (Fig  4b)  outside  the  first  few  nanometers  in  the  HCT  layer,  very  few  defects  can  be 
located  by  TEM.  This  is  consistent  with  a  measured  surface  etch-pit  density  of  about  10^ 
cm~^.  Because  the  defect  density  is  of  this  magnitude,  too  few  defects  are  present  to 
accurately  verify  the  density  by  TEM.  The  primary  defect  observed  near  the  interface  and  in 
the  HCT  layer  was  stacking  faults  (Fig.  5a).  One  possible  explanation  for  the  source  of 
these  stacking  faults  is  that  they  may  arise  from  the  condensation  of  vacancies,  most 
probably  Hg  vacancies  on  close-packed  (111)  lattice  planes.  The  bound  size  of  the 
stacking  faults  observed  would  be  determined  by  the  energy  equilibrium  between  1) 
reduced  strain  energy  of  continued  vacancy  condensation  and  2)  increased  energy  produced 
when  enlarging  the  dislocation  loop  defining  the  borders  of  the  stacking  fault.  This 
interpretation  is  consistent  with  the  reduction  in  numbers  of  the  faults  near  the  surface  of 
the  HCT.  The  reduction  would  occur  by  annihilation  of  ihcse  faults  by  Hg  diffusing  into  the 
bulk  during  the  annealing  process  resulting  in  the  nearly  perfect  lattice  shown  in  Fig.  5b. 


a)  b) 


Fig.  5  (a)  Stacking  fault  loop  in  (111)  in  interfacial  region  and  (b)  perfect  HCT  lattice 

in  near  surface  region  (observed  along  [Oil]  orientation). 


CONCLUSIONS 

The  near-term  future  of  HgCdTe  hybrid  infrared  detectors  requires  improvements  in 
size,  strength,  reliability,  signal  processing,  and  cost.  Growth  of  multilayer,  heteroepitaxial 
thin  films  is  expected  to  yield  significant  advances  in  these  areas.  In  this  study,  TEM  and 
AEM  observations  of  these  materials  have  provided  feedback  to  the  development  of 
MOeVD  and  LPE  multilayer  processing. 

The  results  show  that  the  films  have  retained  their  structural  integrity  throughout 
the  processing.  Although  the  material  properties  observed  are  similar  to  those  previously 
reported  for  single-layer  thin  films,  it  is  important  to  note  that  subsequent  processing  has 
not  severely  modified  the  previously  grown  layers.  Extremely  small  micropits  and  hillocks 
have  been  seen  in  the  CZT  /  GaAs  interface,  but  no  consistent  correlation  could  be  made  to 
defects  present  in  the  CZT  layer.  A  number  of  threading  dislocations  penetrate  from 
substrate  through  successive  epitaxial  layers,  while  others  appear  to  be  the  result  of 
interface  defects.  Dislocations  in  the  CZT  /  GaAs  interface  are  reduced  within  2  to  3  pm  of 
growth  to  a  small  fraction  of  the  near-interface  dislocation  density.  The  bulk  of  the  misfit  in 
this  interface  is  accommodated  by  misfit  dislocations.  EDS  and  PEELS  analytical 
techniques  were  used  to  determine  the  chemical  properties  of  multilayer  epitaxial  films 
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made  by  sequential  growths;  Chemical  contaminants  are  not  detectable  in  the  interfacial 
regions;  There  are  no  oxide  boundaries  or  amorphous  carbon  contamination  detectable.  A 
high  density  of  stacking  fault  defects  at  the  HCT  /  CZT  interface  is  observed  to  be  markedly 
reduced  within  the  first  micrometer  of  growth.  It  is  believed  the  reduction  in  the  stacking 
faults  observed  was  due  to  annihilation  of  vacancies  by  Hg  atoms  during  the  post-growth 
diffusion.  Finally,  the  HgCdTe  layer  was  shown  to  have  a  low  dislocation  density  observed 
over  a  large  rrea  near  the  surface  which  approaches  the  high  crystal  perfection  required  for 
fabrication  of  IR  diode  detectors. 
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ABSTRACT 

A  description  of  incorporation  and  solubility  limit  of 
substitutional  impurities  is  made  using  the  alloy  Cd„Hgi.,,Te  as  a 
model  of  analysis  and  a  source  of  experimental  data. 

Then  non-equilibrium  incorporation  of  impurities  under  light 
excitation  is  considered.  A  model  of  photo  assisted  doping  is 
presented  which  accounts  for  the  high  doping  efficiency  reported 
for  ths  donor  indium  in  photoassisted  grown  CdTe. 


1.  INTRODUCTION 

Impurity  doping  of  II-VI  semiconductors  poses  particular 
problems  :  strong  interaction  of  impurities  with  native  defects 
often  occurs  leading  to  self-compensation  phenomena  ;  moreover 
the  solubility  of  electrically  active  impurities  is  in  any  case 
not  very  high,  limited  to  a  few  lo'®  cm"’.  This  result  is  in 
contrast  with  impurity  doping  of  Si  or  III-V  compounds  where 
active  concentrations  above  10’’  cm'’  are  commonly  obtained. 

In  the  past,  the  attention  to  these  problems  has  mainly  been 
focused  <.  I  wide  band  gap  II-VI  compounds  (ZnSe,  ZnTr  CdS)  for 
the  reason  that  very  severe  self-compensation  phenomena  prevent 
the  conversion  of  conductivity  type  in  these  materials. 
Theoretical  models  have  been  worked  out  based  on  the  chemical  and 
electrical  relations  which  link  impurities  and  native  defects 
under  the  conditions  of  thermodynamic  equilibrium  [1]  [2]  [3]. 
They  provide  an  interpretation  of  compensation  effects  in  terms 
of  lattice  defect  properties  :  energy  of  formation,  electronic 
energy  levels.  As  these  quantities  are  not  a  priori  known, 
comparison  with  experiments  does  not  lead  to  firm  and  definite 
conclusions . 

Another  way  of  approach  is  to  consider  the  low  band  gap 
materials  -  essentially  the  alloy  Cd,Hg,_,Te  -  for  which  a  larger 
amount  of  data  is  available.  Incorporation  of  impurities  has  been 
carried  out  in  a  wide  range  of  temperature  and  mercury  vapour 
pressure,  either  during  growth  (Bridgman,  LPE,  MOCVD,  MBE)  or  in 
post-growth  anneals.  In  the  first  part  of  this  paper  we  will  show 
that  a  detailed  analysis  of  these  results  provides  a  general 
understanding  of  the  solubility  limits  in  II-VI  materials,  in 
terms  of  impurity -defect  interaction. 

Putting  the  problem  of  effective  solubility  in  this  way 
leads  to  the  idea  of  non-equilibrium  incorporation,  where  the 
feedback  between  impurities  and  defects  might  be  relaxed. 
Photoassisted  doping  could  reach  such  a  result  according  to 
experiments  recently  reported  in  the  literature.  We  will  present 
a  simple  model  of  incorporation  of  impurities  during  epitaxial 
growth  under  light  excitation  which  is  able  to  explain  some  of 
the  observed  effects.  This  could  open  up  the  way  to  more 
systematic  studies  aiming  to  dope  reproducibly  the  reluctant  wide 
band  gap  materials. 
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2.  DEFECT  IMPURITY  INTERACTION  IN  Cd,Hg,.,Te  ALLOYS 

Due  to  the  large  number  of  data  available  Cd,Hg,.^Te  is  an 
exemplary  medium  for  studying  defect-impurity  interaction. 
Through  specific  examples  we  will  show  how  the  defects  first 
control  the  incorporation  of  impurities  and  second  determine 
their  (maximum)  solubility. 


2.1.  Role  of  defects  in  undoped  material 

Mercury-rich  Cd^Hg^.^Te  alloy  (x  <  0.4)  is  the  best  example, 
and  perhaps  the  only  one,  of  a  II-Vl  material  where  the 
electrical  conductivity  is  readily  dependent  upon  the 
concentration  of  a  simple  native  defect.  This  well  known 
behaviour  derives  from  solid-vapour  eguilibrium  involving  mercury 
vacancies  in  the  solid.  Using  Kroger's  notations  [1]. 

Hg„3  fs  Hg(g)  +  V"„j,  +  2  h‘  (1) 

The  mercury  vacancy  V"„g  is  supposed  to  be  in  a  doubly 
ionized  negatively  charged  state.  Application  of  mass-action  law 
leads  to  the  defect  concentration  at  the  equilibration 
temperature  (HT) . 


(2) 


If  the  semiconductor  is  extrinsic  at  HT,  which  is  valid  for 
x  =  0.4,  the  hole  concentration  p„i  is  equal  to  so  that 
the  ionized  vacancy  concentration  is  given  by  : 


(3) 


Assuming  that  this  defect  concentration  is  frozen  in  when 
quenching  the  material  to  room  temperature,  the  hole 
concentration  measured  in  a  low  temperature  extrinsic  state  is  : 


Pu  =  2  (P„,)''’  (4) 

Such  a  dependence  on  the  mercury  vapour  pressure  has  indeed 
been  observed  by  Vydyanath  et  al  (4J  which  gives  a  good  evidence 
of  the  presence  of  doubly  ionized  mercury  vacancies. 

This  simple  defect  model  has  been  extended  to  different 
alloy  compositions  by  the  same  authors  and  a  number  of  others.  As 
an  example.  Fig.  1  shows  the  phase  limits  for  the  widespread 
alloy  Hqo gCdo  jTe  measured  and  calculated  in  a  wide  temperature 
range  [5]  :  on  the  Te-saturated  side  as  well  as  on  the  Hg- 
saturated  one,  the  low  temperature  hole  concentration  is 
determined  by  the  mercury  vacancy  concentration,  according  to  the 
equation  (4 )  . 

A  questionable  aspect  is  the  assumption  of  complete  defect 
freezing  during  cooling  from  the  equilibration  state.  In  wide 
band  gap  compounds,  vacancy  migration  and  annihilation  are  often 
postulated  to  explain  the  differences  between  the  room 
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temperature  state  and  the  modelled  or  measured  high  temperature 
equilibration  state  [6]  [7].  For  instance  it  is  known  that  excess 
zinc  vacancies  introduced  in  ZnSe  by  electron  bombardment 
annihilate  at  400  K  by  forming  complexes  with  impurities  and 
defects  [8].  A  better  understanding  of  the  particularly  simple 
behaviour  of  Cd,Hg,.j,Te  remains  an  open  guestion. 


2.2.  Group  V  acceptors  on  Te  sites. 

We  start  by  analysing  the  incorporation  process  under 
solid/liquid  equilibrium,  and  first  give  some  definitions.  Let  I; 
designate  the  impurity  in  the  liquid  phase  and  I^,  InD„,  the 
impurity  in  the  solid  in  the  electrically  active  soluble  form 
or  associated  with  defects  D. 

The  distribution  coefficient  is  defined  as  : 

[Is]  +  Z  [InDJ 

Ki  =  -  (5) 

[1.] 

and  can  be  determined  from  chemical  analysis.  The  solubility 
coefficient  is  : 


ds] 

K  =  -  (6) 

[II] 

and  can  be  reached  from  complementary  electrical  measurements. 
Finally  the  doping  efficiency  is  given  by  : 
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ds] _ K 

[Is]  +  £[I„DJ  k,i 


(7) 


The  "solubility"  of  the  ipurity  I  is  the  maximum  value  of 
the  concentration  [I^].  It  depends  on  temperature  and  also  vapour 
pressure.  The  last  dependence  is  a  particular  feature  of 
compounds  compared  to  elementary  semiconductors  like  silicon. 

We  now  write  the  incorporation  reaction  of,  to  be  specific, 
arsenic  on  Te  sites. 


As(l)  +  V,/  ^  As\^  (8) 

[As\,]  =  K,  [V«,J  p  [AS(1)]  (9) 

Eg.  9  comes  from  the  application  of  the  mass  action  law  to 
(8)  ,  is  the  activity  coefficient  of  As  in  the  liquid  phase 

and  v,  [A,]  is  the  corresponding  activity.  To  this  basic 

incorporslxion  reaction  we  add  reactions  describing  : 

-  the  exchange  with  the  gas  phase 

Hg(g)  SS  Hg„,  +  V,/  (10) 

[Vt.*]  =  Kv,  P„, 


dl) 


/3 


the  ionization  of  the  acceptor  arsenic  and  of  the 
tellurium  vacancies  supposed  to  be  single  donors  : 

p[As',,]  =  K*[As«t.]  (12) 

n[V*,  ]  =  Kb[V„«]  (13) 

-  global  electroneutrality  and  electron-hole  equilibrium  : 

P  +  [V*tJ  =  n  +  (As‘„)  +  2  (14) 


np  =  n'^i 


(15) 


is  given  by  (2)  and  nj  is  the  intrinsic  carrier 
concentration.  The  system  of  equations  (9),  (11)  -  (15)  can  be 

solved  to  give  the  concentration  of  arsenic  in  solution  [As',^] .  A 
particular  situation  is  that  of  high  mercury  pressure,  which 
after  (9)  and  (11)  corresponds  to  a  large  incorporation  rate. 
Then  the  concentration  of  mercury  vacancies  can  be  neglected  and 
one  get  : 


(As',,]  =  (K,PKg  Jf,  [As(1)]’/2 


KpP, 


I  + 


I  + 


K,P, 


H9  Jfl 


[As(l)] 


1/2 


(16) 


with 


K,  =  K,  Kvx  K* 

Kj  =  Ko  Kv, 


(17) 


In  these  conditions  the  low  temperature  hole  concentration 
is  given  by  : 


Pit  =  [As',J  -  [V*„] 


(18) 


These  theoretical  expressions  can  be  used  to  analyse  the 
results  of  the  doping  experiments  performed  by  Kalisher  [9]  on 
Cd,Hgi.,Te  (0.2  <  x  <  0.4)  grown  by  LPE  from  a  Hg  melt.  First, 
electrical  measurements  indicate  a  doping  efficiency  of  one  for 
arsenic  concent’"ations  in  the  solid  up  to  a  few  lo'^  [10] 

(Fig.  2) .  From  (18)  this  shows  that  the  concentration  of  ionized 
tellurium  vacancies  is  at  least  one  order  of  magnitude  smaller. 
Second,  chemical  analysis  makes  to  appear  a  square  root 
dependence  of  arsenic  concentration  in  the  solid  versus  arsenic 
concentration  in  the  melt  (Fig.  3) . 

Such  a  dependence  is  predicted  by  (16)  if  the  material  is 
extrinsic  at  the  growth  dependence  (x  jc  0.4)  and  if  V ,  is 
constant  in  the  explored  concentration  range.  “ 


Fig.  3  also  displays  the  results  of  Hall  measurements 
performed  on  layers  grown  from  a  Te  melt  with  phosphorus  added  in 
it  [11].  These  samples  were  given  a  post-growth  anneal  at  500'C 
under  high  mercury  vapour  pressure.  The  small  solubility 
coefficient  observed  here  has  two  origins  :  incorporation  under 
conditions  of  high  tellurium  activity  and  consequently  a  low 
concentration  of  tellurium  vacancies  ;  small  values  of  the 
activity  coefficient  of  phosphorus  in  Te  melts. 
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Efficient  incorporation  of  As  and  P  has  recently  been 
reported  in  MOCVD  grown  CdTe  and  CdHgTe  layers  in  the  temperature 
range  350  -  410”C  [12]  [13]. 

The  highest  incorporation  ratio  is  obtained  under  high  Cd 
activity  in  accordance  with  (16)  and  a  doping  efficiency  of  unity 
was  measured  up  to  a  concentration  of  a  few  lo'^  cm'^  [13]. 


2.3.  Group  I  acceptors  on  metal  sites. 

We  refer  here  to  the  incorporation  of  copper  from  a  liquid 
Te  melt  as  recently  stutied  by  Sarusi  et  al  [14].  The  basic 


incorporation  relations  are  directly  written  as  : 

Cu(l)  +  +  h  cu'„g  (19) 

[Cu'„,]  =  K,  p.  [V';^]  Jf,  [Cu(l)]  (20) 

and  the  neutrality  equation  at  the  growth  temperature  is  : 

P  =  rcu‘„g]  +  2  [V"h,]  +  n  (21) 

2  K  n^j 

p  =  [CUhj]  +  -  +  -  (22) 

Png  P 

Finally  the  low  temperature  hole  concentration  is  : 

Pa  =  [Cu'g,]  +  2  [V"„,]  (23) 


Since  the  quantities  K'^,,  and  n,^  are  Jcnown  [5]  the  system  of 
equations  (20) ,  (22) ,  (23)  can  be  solved  to  predict  the 
dependence  of  p,^,  on  the  product  K,  y,  [Cu(l)],  proportional  to 
the  activity  of  Cu  in  Te  melt  (Fig.  4)  .  This  is  to  be  compared 
with  the  experimental  results  of  [14]  reproduced  in  Fig.  5.  The 
trend  is  similar  but  the  measurements  show  a  steeper  dependence 
of  Plj  as  a  function  of  the  copper  concentration  in  the  melt, 
which  could  be  due  to  a  variation  of  the  activity  coefficient 

jj,  .  Also  a  limit  hole  concentration  appears  which  decreases 
after  annealing  under  Hg  saturated  conditions.  These  saturation 
values  correspond  to  the  solubility  limits  for  the  conditions 
used  in  this  work.  We  analyse  the  attainment  of  the  solubility 
limit  by  postulating  that  some  internal  equilibrium  exists  with  a 
precipitated  second  phase.  Assuming  that  this  second  phase  is 
CUjTe,  we  write  : 


Cu2Te  +  v"k,  i;  2  cu'„,  +  Te„  (24) 

[Cu  =  Kp  [V  pg]  agy^ie  (25) 

where  is  the  activity  of  CUjTe  in  the  solid. 

Introducing  (2)  and  the  neutrality  equation  p  =  [Cu'„,]  valid 
at  high  copper  concentration  we  get  : 


itration  (77  K)  in 
in  Te-rich  growth 


Experimental  hole 
tion  in  Cdo  jHgo.sTe 
versus  copper 

tion  in  Te-rich 
lution  [ 14 ] . 


lectron  concentration 
Igo.s'T®  layers  versus 
concentration  in  Te- 
growth  solution  [14]. 
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Plt  ■"  Hgll  ~ 


K”, 


“Cu2Te 


1/4 


(26) 


L  J 

If  CUjTe  really  forms  a  precipitated  second  phase  the 
corresponding  activity  is  unity  and  [Cu'ng]  depends  only  on 
temperature  and  vapour  pressure.  This  predicted  dependence  of 
copper  solubility  upon  mercury  vapour  pressure  is  in  rough 
quantitative  agreement  with  that  observed  in  Fig.  5. 


2.4.  Group  III  donors  on  metal  sites. 


We  consider  first  the  case  of  incorporation 
taking  Ga  as  a  specific  donor  impurity. 

The  incorporation  reactions  are  now  : 


Ga(l)  +  V  +  3e 

[V“„g]  [Ga(l)] 


[Ga-  }  = 


from  a  melt, 

(27) 

(28) 


and  the  neutrality  equation  is  : 

n  +  2  [V"„,]  =  p  +  [Ga;,]  (29) 

At  low  temperature  this  relation  reduces  to  : 

"it  =  [Ga'ng]  -  2  [V'h,]  (30) 

As  in  the  case  of  copper  incorporation  it  is  possible  to 
solve  the  system  of  equations  (28)  -  (30)  to  get  n^;  as  a 

function  of  the  product  Ki  (  [Ga(l)].  For  incorporation  under 
a  high  mercury  vapour  pressure  the  concentration  of  ionized 
mercury  vacancy  is  negligible  and  the  solution  is  : 


.  Kj  [Gad)]  U,  /  PHg 

"lt  =  [Ga„,]  =  - ; -  1/2  (31) 

[nj2  +  K,  [Ga(l)  ]  /  P„,] 


with 


Ks  =  K,  K"v,  /  n>  (32) 


Using  liquid  phase  epitaxy  from  a  Hg  melt  which  corresponds 
to  the  above  conditions,  Kalisher  [9]  has  determined 
distribution  coefficients  above  unity  for  Ga  and  In  (Fig.  3)  . 
This  points  out  that  the  activity  coefficients  of  these  elements 
in  mercury  melt  is  indeed  large.  A  doping  efficiency  of  100  %  is 
measured  for  In  concentration  up  to  lo'^  cm’  [15]. 

Incorporation  of  Ga  from  a  Te  melt  has  recently  been 
reported  by  Sarusi  et  al  [14].  Fig.  6  shows  that  a  solubility 
limit  of  2.10'^  cm’  appears  in  the  as-grown  material. 


77 


This  phenomenon  can  be  explained  in  the  same  framework  as 
above  by  postulating  the  presence  of  a  precipitated  second  phase 
such  as  GajTe].  Internal  equilibrium  is  expressed  by  : 

GajTeji:  2Ga*„3  +  V",,,  +  3Te,,  (33) 

L  ~  Ph9  *082  '"3 

K  n^ 

introducing  the  activity  of  the  second  phase  a^,^  . 

This  material  is  intrinsic  at  the  growth  temperature  so  that 
n  =  nj .  One  deduces  the  low  temperature  electron  concentration  : 

"LI  =  [Ga;,]  -  2[V"„,)  (35) 


Since  a^j,^  rej  =  1  *  precipitated  second  phase  the 

solubility  limit  only  depends  on  temperature  and  pressure.  The 
above  expression  shows  that  n^,  increases  with  increasing  ng  as 
it  is  observed  in  Fig.  6  for  the  sample  annealed  under  saturated 
mercury  pressure. 

Incorporation  of  indium  from  a  Te  melt  in  the  Cd-rich  alloy 
Cd(,  7Hg(,.3Te  was  studied  by  Lusson  [16].  The  results  presented  in 
Fig.  ?'  clearly  show  the  difference  between  distribution  and 
solubility  coefficients.  The  distribution  coefficient  is  large, 
around  unity,  and  constant  in  the  investigated  concentration 
range,  while  the  electron  concentration,  which  is  a  measure  of 
[lnc,j]  is  small  and  increases  very  slowly  with  increasing  indium 
activity  in  the  melt. 

The  donor  indium  is  also  commonly  used  as  a  dopant  in  vapour 
phase  epitaxy.  An  electron  concentration  saturating  at  lo'^  cm'^ 
has  been  measured  for  CdTe  grown  by  OMCVD  at  420"C  [17].  The  lack 
of  data  does  not  allow  to  attribute  this  saturation  to  a 
solubility  limit  or  to  a  limiting  transfer  of  indium  from  the  gas 
phase.  More  detailed  results  were  -  eported  for  Cd,Hg,.„Te  (0.2  <  x 
<  0.3)  grown  by  MBE  at  200 "C  and  doped  with  indium  during  growth 
[18].  Fig.  8  gives  the  measured  low  temperature  electron 
concentration  versus  the  indium  concentration  in  the  solid,  after 
the  results  of  this  work. 

This  curve  is  interesting  because  it  shows  the  approach  to 
the  solubility  limit.  This  variation  was  modeled  in  [19]  by 
assuming  the  presence  of  two  indium  related  species  :  In  and 
In2Te3’'.  A  more  detailed  analysis  is  given  below.  Internal 
equilibrium  can  be  described  by  an  equation  similar  to  (34)  ; 


K 

[In*  ]2  =  - :  Y  [In2Te3’>]  (37) 

n^ 

where  J  is  the  activity  coefficient  of  the  species  (In2Te3)  and 
the  reaction  constant  K  depends  on  temperature  and  mercury  vapour 
pressure  only.  The  electroneutrality  and  mass  conservation 
relations  are  : 


Electron  concentration  (cm* 


~  1  .  i  :  ♦  I  o  ■  . .  ■ '  . - . — . . 

i  K-oi  i  .  E+oo  I  -K-voi  i  .i->o2  1 

Indium  concentration  in  melt  (ppm) 

Fig.  7  Indium  and  electron  concentration  in  Cdo./HgQ  3Te  layers 
versus  indium  concentration  in  Te-rich  growth  solution  [16]. 


Fig.  8  Electron  concentration 
at  77  K  versus  indium 
concentration  in  CdHgTe  layers 
grown  by  MBE  [18]. 


Fig.  9  Surface  energy  band 
diagram  and  photoelectronic 
processes  considered  for  the 
model  of  photoassisted  doping. 
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n  =  [in  ]  -  [2V“h,]  -  p  (38) 

[In,]  =  [In*]  +  2  [InjTej*]  (39) 

(Inx)  is  the  total  concentration  of  indium  in  the  solid.  It  can 
be  shown  that  the  concentration  of  mercury  vacancies  is 
negligible  in  (38) .  Hence  the  low  temperature  electron 
concentration  is  simply  ; 

nxT  =  [In]  (40) 

Solving  this  system  of  equations  gives  n^x  as  a  function  of 
[Inx] .  A  fit  to  the  experimental  variation  can  be  obtained  with  K 
=  4.5.10*^  cm"’  and  an  activity  coefficient  X  decreasing  from  1 
to  0.12  when  [In^Tes]  increases  in  the  range  lo'*  -  4.10™  cm"’.  A 

variable  activity  coefficient  means  that  the  solution  between 
In2Te3  and  Cdj,Hg,.;,Te  is  non  ideal.  Precipitation  of  InjTej  and 
attainment  of  the  solubility  limit  would  be  observed  at  higher 
indium  concentrations. 


3.  PHOTOASSISTED  DOPING 

Recent  reports  on  efficient  doping  of  CdTe  films  grown  by 
photoassisted  MBE  have  raised  a  strong  interest  [20]  [21].  In 
these  experiments  indium,  antimony  or  arsenic  were  incorporated 
from  effusion  sources  during  growth  while  the  substrate  was 
illuminated  using  an  argon  ion  laser  (514  -  528  nm)  .  The  laser 
power  density  at  the  susbtrate  was  around  150  mW/cr.^.  These  first 
announcements  were  followed  by  others  dealing  with  CdTe  [22]  and 
the  higher  band  gap  compounds  ZnSe  [23]  and  ZnS  [24]. 

All  these  experiments  show  that  impurity  doping  is  enhanced 
under  light  excitation,  which  could  originate  in  enhanced 
impurity  incorporation,  increased  doping  efficiency  or  both.  In 
the  following  we  present  a  model  able  to  account  for  one  aspect  : 
the  photoenhanced  doping  efficiency.  Specifically  we  consider  the 
case  of  CdTe  doped  with  indium  during  MBE  growth  [20].  Without 
illumination  the  as-grown  films  are  reported  to  be  semi- 
insulating  with  a  photoluminescence  spectrum  dominated  by  a  broad 
band  centered  at  about  1.44  eV.  This  band  is  always  observed  in 
compensated  crystals  and  is  associated  with  In-defect  complexes 
[25].  Thus  In  is  indeed  incorporated  in  the  films.  The 
compensation  of  indium  can  be  described  by  a  chain  of  reactions: 

2In^cd  "*"  ^  cd  — ^  (iOc^Vcc^)  +  In^tx  (41) 

Basically  there  is  a  transfer  of  electrons  from  the  indium 
donors  to  the  cadmium  vacancies.  The  complex  (Inc^Vj^)  is  believed 
to  be  a  deep  acceptor  compensating  the  shallow  donor  In^j. 

The  electron  transfer  can  be  described  by  the  following  rate 
equation  : 


^  n, 

-"T -  =  nPt  -  "‘■n  "i  n,  (42) 

d  t 

n  is  the  free  electron  concentration  coming  from  the  ionized 
donors,  n,  and  p,  are  the  concentrations  of  electrons  and  holes 
trapped  on  the  vacancy  level  E, .  nx  is  related  to  this  energy 
level  by  the  usual  expression  : 
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n,  =  exp  [-  (E^  -  ET)/kT]  (43) 

Where  is  the  density  of  states  in  the  conduction  band  of 
minimum  energy  Ej.  ()<■„  is  the  capture  coefficient  for  electrons. 
For  the  sake  of  simplicity  we  assume  now  that  the  vacancy  has  two 
charge  states  only,  and  v‘^.  Then  p,  =  [V'caJ .  At  thermodynamic 
equilibrium  this  quantity  only  depends  on  temperature  and  cadmium 
vapour  pressure  : 


fV-cdJ  =  IVc  /  Pcd 


(44) 


At  any  time  n  +  n,  =  Np,  the  concentration  of  incorporated 
donors.  The  asymptotic  (t  =  )  solution  of  (42)  is 


*<o  Pt 

n,  =  -  (45) 

n,  +  p, 

Taking  -  Ej  =  0.85  eV,  we  have  n,  =  lo’  cm'^.  p,  is  not 
known  and  is  probably  not  given  by  equilibrium  thermodynamics 
(44)  .  However  if  p,  >  n,  we  get  n,  :s  Np  <"  which  describes  the 
state  of  compensation  between  donors  and  cadmium  vacancies.  Note 
that  sef-compensation  occurs  because  there  is  a  continuous  supply 
of  cadmium  vacancies  in  order  to  keep  constant  the  neutral 
fraction  p, .  We  now  consider  the  film  growing  under  light 
illumination  with  a  flux  of  photons  J^.  Fig.  9  represents  the 
electronic  processes  occuring  near  the  growing  surface.  A  surface 
potential  barrier  is  present  due  to  the  Fermi  level  pinning  in 
the  gap.  Photogenerated  holes  diffuse  to  the  barrier  and  are 
accelerated  towards  the  surface.  The  rate  equation  (42)  now 
becomes  : 


- -  =  nPt  -  «*nnint  -  otpUt  P  +  «pPtP' 

0 1 


where  Ap  is  the  concentration  of  excess  holes  at  the  surface 
and  is  the  capture  coefficient  of  holes,  p,  is  given  by  : 

p,  =  N,  exp  [-  (E,  -  E,)/kT]  (47) 


where  is  the  density  of  states  in  the  valence  band  of  maximum 
energy  E,.  In  steady  state  we  now  have  : 


"t 


^  Np  p,  +  0<p  p,  p, 


(Pt  +  n,)  + 


(48) 


Ap  is  evaluated  by  solving  the  continuity  equation  of 
photogenerated  holes  with  appropriate  boundary  conditions.  This 
is  a  classical  treatment  which  leads  to  the  condition  of  current 
continuity  at  the  surface  : 


81 


q  Sp  *  iph  -  q  - •  C^p  (w)  (49) 

The  right  hand  term  proportional  to  the  recombination 
velocity  Sp  is  the  current  due  to  surface  recombination,  ip^  is 
the  short  circuit  photocurrent  of  the  barrier. 

exp  (-  dw) 

i^  =  q  J„  (1  -  R)  (1 - ]  (50) 

oCLp  +  1 

where  R  and  d.  are  the  coefficients  of  reflexion  and  absorption. 
Dp  and  Lp  are  the  diffusion  constant  and  diffusion  length  of 
holes  in  the  bulk.  The  concentration  of  holes  Ap  and  Ap(w)  on 
both  sides  of  the  space  charge  layer  are  related  to  each  other  by 
assuming  that  the  quasi-Fermi  level  of  holes  is  constant  through 
the  barrier.  The  solution  can  be  put  in  two  limiting  forms.  When 

Sp  >  Dp/Lp. 


Ap  =  iph/qSp  (51) 

and  when  Sp  << 

/  iph  Lp  %  \  1/2 

Ap  =  (  -  (52) 

\  q  Dp  / 

where  rib  is  the  bulk  electron  concentration. 

Introducing  the  values  :  ipp  =  3  x  10'^  A.cm’^  (corresponding 

to  150  mWcm'^  illumination),  S.  =  10‘  cm  s'’,  Lp  =  5.10'*  cm.  Dp  = 

0.4  cm^s"',  Ob  =  lo”"  cm’’,  we  estimate  the  variation  range  of  p 

2.lo”  cm'^  <  Ap  <  10’5  cm"’  (53) 

As  the  ratio  Ap/Pt  is  much  larger  than  unity  (perhaps 
between  10  an  10^)  the  relation  (48)  shows  that  the  concentration 
of  ionized  vacancies  has  been  reduced  well  below  Np.  As  a  result 
the  incorporated  donors  are  not  or  only  slightly  compensated 
leading  to  a  high  doping  efficiency  as  it  was  observed.  More 
generally  it  is  seen  that  such  a  photochemical  process  causes  a 
decrease  of  the  total  concentration  of  vacancies,  which  could 
also  improve  the  cristalline  quality  of  the  epitaxial  layers. 


4.  CONCLUSIONS. 

It  has  been  shown  how  native  defects  control  the 
incorporation  and  solubility  of  substitutional  impurities  in  low 
band  gap  Cd,Hgi.,Te  alloys.  Near  the  solubility  limit  impurities 
and  vacancies  interact  to  form  complex  defects  which  ultimately 
precipitate  as  a  second  phase  in  the  lattice.  This  process  is 
well  exemplified  in  the  case  of  cation-substituted  impurities 
where  mercury  vacancies  are  involved.  These  findings  could  be 
generalized  to  wider  band  gap  II-VI  compounds. 

Thus  the  control  of  defect  impurity  interaction  is  a 
determining  factor  to  obtain  a  large  solubility  and  consequently 
a  high  doping  efficiency.  In  this  respect  photoassisted  doping 
appears  to  be  a  promising  technique.  A  model  of  interpretation 
has  been  presented  which  is  based  on  the  neutralization  of 
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vacancies  by  photogenerated  carriers  drifting  towards  the  growing 
surface.  As  this  area  of  photoassisted  doping  and  growth  is 
developing  new  results  will  soon  appear  which  will  allow  us  to 
refine  and  extend  the  simple  proposed  model. 
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ABSTRACT 

An  x-ray  diffraction  nethod  is  described  for  determining 
thicknesses  of  thin  films  grown  on  single  crystal  substrates.  The 
equations,  based  on  the  kinematical  theory  of  x-ray  diffraction 
and  the  mosaic  crystal  model,  were  developed.  The  thickness  of 
the  thin  film  was  computed  from  the  absorption  of  the  integrated 
diffracted  x-ray  intensity  from  the  single  crystal  substrate  by 
the  film.  Since  the  diffracted  intensity  from  the  film  is  not 
required,  the  film  does  not  have  to  be  single  crystal  in  nature. 
Thus,  thicknesses  of  less  ordered,  polycrystalline  or  even 
amorphous  films  can  be  measured  with  high  precision  by  this 
technique. 


INTRODUCTION 

A  substantial  amount  of  current  research  activity  in 
materials  is  focused  on  thin  films,  it  is  desirable  to  know 
thicknesses  precisely  to  assist  in  the  investigation  of  growth 
and  kinetics  of  these  films.  X-ray  diffraction  offers  a  simple 
and  nondestructive  means  to  measure  thicknesses.  Coulman  et  al 
attempted  to  determine  film  thicknesses  by  an  x-ray  diffraction 
technique  but  could  not  provide  an  absolute  value  of  thickness 
[!]• 

In  the  previous  study,  a  simple  x-ray  diffraction  method  was 
utilized  to  determine  thicknesses  of  thin  films  from  the  ratio  of 
the  integrated  diffracted  intensities  from  the  film  to  the 
substrate  [2].  Thus,  it  was  not  necessary  to  measure  the  direct 
beam  Intensity.  This  method  works  very  well  when  thin  films  are 
single  crystal  in  nature  and  are  of  extremely  good  quality. 
Often,  grown  films  are  less  ordered  or  have  polycrystalline  or 
amorphous  structure.  Thus  the  diffracted  intensity  from  the  film 
can  not  be  used. 

In  the  present  study,  thicknesses  of  thin  films,  grown  on 
single  crystal  substra^-es,  were  determined  from  the  attenuation 
of  the  integrated  diffracted  intensity  due  to  double  traverses 
through  the  film.  The  kinematical  expression  for  the  integrated 
diffracted  intensity  was  corrected  for  the  curvature  effect  whicn 
arises  due  to  the  deposition  of  the  film  and,  also  for  the 
primary  and  secondary  extinction  effects  by  assuming  a  mosaic 
crystal  model  [3].  A  comparison  of  these  x-ray  measurements  was 
made  with  reflection  high-energy  electron  diffraction  (1.  e. 
RHEED)  data  to  demonstrate  the  extreme  usefulness  of  this  x-ray 
technique. 

As  it  well  explained  by  Zachariasen  as  well  as  Guinier, 
among  others,  the  reflecting  power  of  a  real  crystal  is  in 
between  that  of  an  Ideally  imperfect  crystal  and  a  perfect 
crystal  [3,4].  Thus,  to  account  for  the  reflecting  power  of  a 
real  crystal,  the  mosaic  structure  model  was  first  proposed  by 
Darwin  [5].  This  nodal  assumes  that  either  the  atoms  are  arranged 
in  layers  which  are  not  quite  parallel,  or  they  are  arranged  in 
blocks,  each  block  being  Itself  an  ideal  crystal,  but  with 
adjacent  blocks  not  accurately  fitted  together. 

Extinction  in  a  mosaic  crystal  str'.icture  is  a  power  loss  in 
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an  x-ray  beam  that  is  caused  by  the  production  of  a  diffracted 
beam.  The  extinction  within  any  one  ideal  crystal  block  is  called 
primary  extinction.  The  power  loss  due  to  diffraction  in  the 
blocks  that  are  traversed  by  the  incident  x-ray  beam  before  it 
reaches  the  particular  block  under  consideration  is  referred  to 
as  secondary  extinction. 


Figure  1.  Bragg  Case  X-Ray  Diffraction  from  the  Substrate 
underlying  the  Film. 


THICKNESS  CALCULATION 

Figure  1  shows  the  Bragg  case  x-ray  diffraction  from  the 
substrate.  The  attenuation  of  the  incident  and  the  diffracted 
beeun  by  the  film  is 


exp  ■  MftCl/sinYj  +  1/sinB^)  ,1, 

where  t  is  the  thickness  of  the  film,  is  the  mass  absorption 
coefficient  of  the  film,  ys  angle  between  the  incident 
beam  and  the  substrate  and  Bg  is  the  angle  between  the  diffracted 
beam  and  the  substrate.  Then,  the  kinematic  integrated  diffracted 
intensity  from  the  substrate  is  [6] 


^  ^  ^^s  _  /t^td/sinYj  +  l/sinB^) 

®i“>s  ^*s  2  sinXSg 


/  exp  -  MsX<l/sin  +  1/sinB^ )  (2) 

x=0 


where  e^/mc^  is  the  classical  electron  radius,  I.  is  the  incident 
x-ray  intensity,  F,  is  the  structure  factor  for  the  substrate,  Vg 
is  the  unit  cell  volume  of  the  substrate.  Mg  is  the  mass 
absorption  coefficient  of  the  substrate  and  Sg  is  the  Bragg  angle 


for  the  substrate.  After  integration,  equation  (2)  becomes 


2  1  +  eos^2e3 

*  me*  ^^s  *  8in2e3 


where 


1  1 

®s  =  - 

sinv  g 


Applying  the  primary  extinction  correction  of  a  mosaic 
crystal  model,  the  integrated  reflected  intensity,  l^,  can  be 
written  as  shown  by  Zachariasen  [3] 


- ,  (3) 

''s“s 


iP  =  I  f<A), 


(4) 


where  I  is  the  kinematic  diffracted  intensity,  and  the  Bragg  case 
primary  extinction  correction  is 


tanhA  +  cosze.  tanh|A  cosze. | 

f(A)  =  - ; -  ,  (5) 

A(i  +  eos'ze  ) 


where 


e*  |F|^t  1  +  cosZBg 

A  =  - - - ,  (6) 

mc^  y  sine  z 

s 


The  secondary  extinction  correction  of  a  mosaic  crystal 
model  is  appli ad  by  replacing  the  mass  iU>sorption  coefficient  of 
the  substrate,  fig,  by  Ma^’^s^s  expression  for  the 
integrated  reflected  intensity  [3] .  Here 


X3 


-)^  |f| 


1  +  cos  ze. 


2  sinze. 


(7) 


1 

and  =  - ,  (8) 

2  1/14 


where  n  is  the  standard  deviation  of  the  block  tilts  in  the 
mosaic  crystal  model.  After  applying  the  appropriate  primary  and 
secondary  extinction  corrections,  the  expression  for  the 
integrated  diffracted  intensity  from  the  substrate  becomes 


86 


mc^  »i“Ya 


1  +  008*26^ 
2  sln2e. 


o-^'f  <%  t 
(Mb  ■*•  5sQs>“s 


(9) 


If  tbe  dlract  beam  intaaaity,  and  the  integrated 
diffracted  bean  intensity  from  the  substrate,  1^,  are  known,  the 
thickness  of  the  thin  film  can  be  computed. 


hPPLIChTION 

As  an  illustration  of  the  application  of  the  method, 
thicknesses  of  AlGaAs  thin  films  on  oaAs  substrates  (ool)  were 
determined.  These  films  were  grown  by  molecular  beam  epitaxy. 
The  integrated  reflected  intensities  from  the  substrates  were 
measured  by  utilising  a  Blake  industries  double  crystal 
diffractometer  rn  the  (-t,-)  parallel  setting  [3].  A  perfect 
crystal  of  germanlim  (001)  was  used  as  the  first  crystal.  Tbe 
rocking  curves  of  (004)  reflection  were  measured  by  using  cuKa^ 
radiation.  The  direct  beam  intensity,  l^,  was  obtained  by 
multiplying  the  direct  beam  in  counts  per  second  with  the  total 
time  through  which  the  samples  were  rotated  to  get  the  integrated 
diffracted  intensity.  For  best  results,  tbe  system  was  calibrated 
for  a  film  of  known  thickness,  2m.  la/Ig  values  for  three  samples 
are  listed  in  Table  I. 


TABLE  I.  Intensity  Ratios,  I./Ia'  Thickness  Values,  t,  of 

AlGaAs  Thin  Films. 


SAMPLE 

MO. 

Is/Io 

t  1 

(Mm) 

%  DIFFERENCE 

X-RAF 

RHEED 

1 

.00004244 

0.48 

0.5 

i 

2 

.00004032 

1.57 

1.6 

2 

3 

.00003287 

3.33 

3.5 

2 

The  structure  factor  of  GaAs  was  calculated  using 
appropriate  atomic  scattering  factors  and  dispersion  corrections 
[7].  Figure  2  shows  the  dependence  of  tbe  Bragg  case  primary 
extinction  coefficient  f(A)  of  GaAs,  on  tbe  block  thickness  in 
the  mosaic  crystal  model.  In  the  present  study,  f(A) 
corresponding  to  2  ^  block  thickness  of  GaAs  was  considered. 
The  secondary  extinction  correction  was  applied  considering 
standard  deviations  in  block  tilts,  r|  ,as  equal  to  the  full  width 
at  half  maximum  of  tbe  x-ray  rocking  curves.  The  values  are 
approximately  10  arc  sacs  but  varied  from  sample  to  sample  .  The 
correction  for  the  curvature  was  added  (Table  II)  by  getting  data 
from  another  sat  of  experiment  in  which  a  GaAs  crystal  was  bent 
in  cantilever  mode  to  different  curvatures  and  the  corresponding 
integrated  diffracted  Intensity  for  the  (004)  reflection  was 
obtained  each  time.  Thicknesses  for  three  samples,  as  calculated 
are  listed  In  Table  I.  An  attempt  was  made  to  compare  the  results 
obtained  from  x-ray  measurement  with  RHEED  oscillation  [8-10] 
data  as  shown  in  Table  I.  There  was  excellent  agreement  between 
the  results  from  these  two  different  methods,  with  the  percentage 
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difference  being  less  than  4%. 


Figure  2.  Dependence  of  Bragg  case  Primary  Extinction  Coefficient 
of  CaAs  on  the  Block  Thickness  in  the  Mosaic  Model. 

Thickness  values  as  calculated,  without  any  extinction 
corrections  or  curvature  corrections,  are  shown  in  Table  II.  It 
can  be  seen  that,  for  this  system,  the  effect  of  curvature 
correction  is  quite  small  and  the  extinction  corrections  play  an 
important  role.  Nevertheless,  there  could  be  errors  in  the 
determination  of  thiclcness  values  when  there  are  no  particular 
reasons  for  expecting  either  of  the  correction  factors  to  be 
negligible. 


TABLE  II.  Radius  of  Curvature,  R,  Curvature  Correction,  Thickness 
Values  without  the  Extinction  Corrections  or  Curvature 
Correction. 


SAMPLE 

MO. 

R 

(m) 

CURVATURE 

CORN. 

t  (Mm) 

WITHOUT  CURV. 
CORR. 

WITHOUT  EXTINC. 
CORR. 

1 

100 

1.00 

.48 

1.0*J5 

2 

20 

1.07 

1.65 

1.72 

3 

14 

1.11 

3.60 

3.01 
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CONCLUSIONS 

An  X-ray  method  was  described  for  determining  the 
thicknesses  of  thin  films  grown  on  crystalline  substrates.  This 
method  is  highly  sensitive,  rapidly  performed,  repeatable, 
nondestructive  and  inexpensive,  and  does  not  need  any  sample 
preparation.  The  technique  utilises  the  ratio  of  the  integrated 
diffracted  intensity  from  the  substrate  to  the  direct  beam 
intensity.  Since  the  diffracted  intensity  from  the  film  is  not 
needed,  thicknesses  of  films  not  highly  perfect  in  nature  or 
thicknesses  of  polycrystalline  or  amorphous  films  can  be 
determined  by  this  method.  X-ray  results  were  in  excellent 
agreement  with  RHEED  oscillation  data.  Applications  of  primary 
and  secondary  extinction  corrections  of  a  mosaic  crystal  model 
and  effect  of  curvature  were  found  to  be  extremely  useful  in 
determining  the  correct  thickness.  It  was  anticipated  that  the 
results  could  be  further  improved  using  a  weaker  reflection  or  a 
shorter  wavelength,  since  the  extinction  corrections  tend  to 
become  negligible  in  either  ease. 
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ABSTRACT 

Recent  progress  in  metalorganic  chemical  vapw  deposition  (MOCVD)  of  wide  bandgap 
Il-VI  materials,  especially  of  ZnSe,  ZnS  and  their  alloys,  is  discussed  with  emphasis  on  the 
general  principles  for  obtaining  uniform  and  high  quality  epitaxial  layers  and  the  current  major 
issue  of  impurity  doping  for  achieving  conductivity  control.  The  surface  morphology  and 
crystalline  quality  can  be  improved  by  a  suitable  choice  of  source  materials  and  by  lattice¬ 
matching  the  epitaxial  layer  to  the  substrate.  By  using  appropriate  sources,  high  conductivity  n- 
type  epitaxial  layers  of  ZnSe  and  ZnS  doped  with  impurities  from  group  111  and  VIl  of  the 
periodic  table  have  been  successfully  grown  by  low  temperature  MOCVD.  We  have  also  grown 
p-type  ZnSe  layers  with  carrier  concentration  ranging  from  low  10'^  to  high  lO’^  cm-5  using 
Li3N  as  the  dopant.  Extensive  studies  are  now  focussed  on  the  better  p-type  control.  High  purity 
source  materials,  appropriate  p-type  dopants  and  low  temperature  growth  are  important  keys. 


INTRODUCTION 

Wide  bandgap  II-VI  materials  of  ZnSe,  ZnS  and  their  alloys  potentially  offer  optical 
devices  operating  in  the  short  wavelength  spectral  region  which  cannot  be  covered  by  III-V 
materials  other  than  nitrides.  The  II-VI  devices  expected  along  this  line  includes  blue  light- 
emitting  diodes  and  short-wavelength  (green  to  blue)  lasers.  The  studies  of  these  wide  bandgap 

II- VI  materials  were  extensively  performed  in  the  past,  but  encountered  two  major  problems. 
One  was  the  difficulty  in  growing  high  quality  epitaxial  layers  on  commercially  available  large- 
area  subsrtates  such  as  GaAs,  GaP,  InP  and  Si  by  the  conventional  techniques  established  for 

III- V  epitaxial  growth.  Neither  liquid  phase  epitaxy  by  using  a  variety  of  solvent  metals  nor 
conventional  vapor  phase  epitaxy  by  using  hydrogen  carrier  transport  of  constituent  elements  or 
by  sublimation  of  compounds  met  a  significant  success,  primarily  owing  to  high  vapor  pressure 
of  constituent  elements  (Zn,  Se  and  S)  at  growth  temperature.  The  other  was  the  hardship  of 
conductivity  control  by  doping  with  donor  and  acceptor  impurities  due  to  so-called  self¬ 
compensation  which  is  typical  of  these  wide  bandgap  materials.  Upon  doping  with  a  donor 
impurity  in  ZnSe  or  ZnS  for  achieving  n-type  conductivity  control,  for  example,  a  Zn-vacancy 
acting  as  an  acceptor  tends  to  be  generated,  resulting  in  charge  compensation.  Similarly,  p-type 
conductivity  control  is  hampered  by  the  formation  of  S-  or  Se-vacancies  which  act  as  the  donors 
compensating  doped  acceptor  impurities. 

Metalorganic  chemical  vapor  deposition  (MOCVD)  has  proven  in  recent  years  to  be  a 
very  effective  method  for  growing  a  variety  of  epitaxial  layers  of  Ill-V  materials  and  their 
devices.  The  versatility  of  MOCVD  has  already  been  suggested  in  the  early  pioneering  work  of 
Manasevit  [1].  The  application  of  MOCVD  for  the  growth  of  ZnSe  was  first  demonstrated  by 
Stutius  [2]  in  1978.  Since  then,  MOCVD  growth  of  wide  bandgap  II-VI  materials,  especially  of 
ZnSe,  has  been  extensively  studied  in  many  research  groups,  and  recently  a  significant  progress 
has  been  made  towards  a  solution  to  the  problems  mentioned  above. 
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This  paper  is  concerned  with  general  principles  for  growing  high  quality  epitaxial  layers 
of  ZnSe  and  related  materials  and  the  current  major  issue  of  impurity  doping  for  achieving 
conductivity  control,  primarily  based  on  the  results  obtained  in  our  research  group.  In  improving 
the  surface  morphology  and  crystalline  quality  of  epitaxial  layers  it  has  been  found  that  a  suitable 
choice  of  source  materials  is  essential.  Further  improvements  can  be  obtained  by  lattice-matching 
the  epitaxial  layer  to  the  substrate,  which  is  a  common  principle  for  all  epitaxial  layers.  The 
MOCVD  features  low-temperature  and  nonequilibrium  growth,  and  is  in  principle  capable  of 
stoichiometry  control  by  controlling  vapor  pressures  of  constituent  elements.  By  taking 
advantage  of  these  features  and  by  using  appropriate  sources,  n-type  epitaxial  layers  of  ZnSe  and 
ZnS  with  sufficiently  high  carrier  concentration  can  be  successfully  grown  by  low  temperature 
MOCVD  by  doping  impurities  from  group  111  and  Vll  of  the  periodic  table  during  growth.  The 
growth  of  p-type  ZnSe  layers  doped  with  Li  and  N  has  also  become  possible  recently,  but  there 
remains  the  problem  with  reproducibility. 


GENERAL  GROWTH  PRINCIPLES 
Sources 

Among  wide  bandgap  II-VI  compounds,  ZnSe  has  been  most  extensively  grown  by 
using  dialkylzinc  (dimethyl  or  diethyl  zinc;  DMZn  or  DEZn)  and  hydrogen  selenide  (HjSe)  as 
source  materials  [2-8].  The  source  combination  is  quite  analogous  to  that  for  growing  GaAs, 
i.e.,  trialkyl  gallium  (trimethyl  or  triethyl  gallium;  TMGa  or  TEGa)  and  arsine  (AsHj).  With 
these  sources  for  the  ZnSe  growth,  however,  there  was  a  serious  problem;  that  is  a  premature 
reaction  between  these  sources  taking  place  even  at  room  temperature.  DMZn  (or  DEZn)  and 
H2Se  Introduced  in  a  growth  chamber  easily  react  to  form  ZnSe-like  powder,  resulting  in 
unwanted  deposition  on  the  chamber  wall  before  they  reach  the  substrate  on  which  epitaxial 
layers  are  to  be  grown,  as  schematically  shown  in  Fig.  1(a). 


OMZn  H2Se  DMZn  DMSe  DMZn-DMSe  H2Se 


(a)  (b)  (c) 

Fig.  1 .  Schematic  illustration  of  the  processes  involved  in  MOCVD  growth  of  ZnSe 
using  different  source  combinations. 
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Such  a  reaction  was  reduced  by  intioducing  zinc  alkyl  just  above  the  substrate  surface  in 
the  low  pressure  reactor  {2,7,8].  However,  uniform  growth  in  large  area  cannot  be  expected  with 
this  source  transport  configuration.  A  better  source  combination  to  eliminate  the  premature 
reaction  is  DMZn  (or  DEZn)  and  DMSe  (or  DESe)  [9].  These  sources  can  be  transported 
effectively  to  the  substrate,  as  shown  in  Fig.  1(b),  resulting  in  uniform  growth  of  epitaxial  layers 
with  satisfactory  surface  morphology.  With  such  alkyl  zinc  and  alkyl  selenide  combinations 
(DMZn/DMSe,  DMZn/DESe,  DEZn/DMSc  and  DEZn/DESe),  a  mass-transport  limited  growth 
region,  where  the  growth  rate  is  temperature-independent  above  500°C,  and  a  surface  kinetic 
limited  growth  region,  where  the  growth  rate  changes  exponentially  with  temperature  below 
500°C,  have  been  clearly  observed,  indicating  that  the  combinations  are  ideal.  However,  the 
temperature  of  mass-transport  limited  growth,  which  is  related  to  the  high  decomposition 
temperature  of  dialkyl  selenides,  seems  to  be  too  high  to  overcome  the  self-compensation  effect 
which  prevents  effective  donor  and  acceptor  doping.  The  growth  temperature  can  be  reduced  to 
about  300°C  by  using  Lewis  acid-base  adducts  of  dialkyl  zinc  with  dialkyl  selenide  (DMZn- 
DMSe,  DMZn-DESe,  DEZn-DMSe  and  DEZn-DESe)  and  H2Se,  although  the  premature  reaction 
is  not  completely  eliminated  with  these  source  combinations.  We  believe  that  DMSe  in  the 
DMZr.  DMSe  adduct  plays  an  important  role  in  protecting  DMZn  from  a  premature  reaction  with 
HjSe,  and  hence  the  source  materials  can  be  transported  effectively  onto  the  substrate,  as  shown 
in  Fig.  1(c),  resulting  in  a  uniform  growth  throughout  the  substrate. 

Similar  arguments  about  source  combination  is  also  applicable  to  the  growth  of  related 
materials,  ZnS  and  ZnS^Sei.x-  epitaxial  layers  of  high  uniformity  have  been  grown  using 
an  adduct  of  DEZn-DES  and  HjS  at  temperature  ranging  from  250°C  to  370'’C  1 10],  while  using 
DEZn,  DESe  and  DES  epitaxial  layers  of  ZnS,Se|.,  have  been  successfully  grown  at  .‘500°C 
[11,12]. 


Fig.  2.  Line  width  (full  width  at  half  maximum)  of  X-ray  rocking  curves  as  a  function 
of  composition  x  in  ZnS^Scj.j  epitaxial  layers  grown  on  GaAs  (100)  andGaP  (100) 
substrates. 
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Lattice  match 

Further  improvements  in  surface  morphology  and  crystalline  quality  must  rely  on  the 
lattice  match  between  epilayers  and  substrates,  as  is  the  case  with  all  kinds  of  epitaxial  growth. 
The  mismatches  between  ZnSe  and  GaAs  and  between  ZnS  and  GaP  arc  about  0.3%  and  0.8%, 
respectively.  ZnSe  layers  thinner  than  0.15  jtm  grow  coherently  on  GaAs  substrates  involving 
strains  due  to  the  lattice  mismatch  to  the  substrate,  but  thicker  layers  contain  misfit  dislocations 
introduced  by  the  relaxation  of  strain  [13].  A  similar  trend  is  observable  for  ZnS  layers  grown  on 
GaAs  and  GaiP  substrates.  However,  there  is  an  apparently  unusual  phenomenon  that  largely 
mismatched  (4.3%)  ZnS  layers  on  GaAs  show  better  surface  morphology  than  less  mismatched 
(0.8%)  ZnS  layers  on  GaP.  This  phenomenon  has  been  ascribed  to  the  strain  relaxation  taking 
place  at  an  earler  stage  of  epitaxial  growth  on  GaAs  than  on  GaP  [14). 

ZnSjSej.jj  alloys  are  lattice  matched  to  GaAs  and  GaP  at  x=  0.06  and  x=  0.83, 
respectively.  High  crystalline  quality  of  lattice  matched  layers  grown  using  DEZn,  DES,  and 
DESe  is  evident  from  the  surface  morphology  and  the  line  width  of  double  crystal  X-ray 
diffraction  which  is  shown  in  Fig.  2  (1 1,12). 


IMPURITY  DOPING 
n-Tvoe  doping 

Extensive  studies  of  n-type  impurity  doping  have  been  performed  since  tiie  first  work  of 
Stutius  [15],  where  A1  was  doped  in  ZnSe  using  triethylaluminum  (THAI)  during  growth.  The 
doping  elements  studied  include  A1  and  Ga  substituted  on  the  Zn  site  of  ZnSe  lattice,  and  Cl,  Br, 
and  I  substituted  on  the  Se  site.  ZnSe  layers  of  high  n-type  carrier  concentration  have  been 
grown  using  dopant  sources  including  THAI  [15),  TEGa  [16],  octylchloride(l-CgHpCl)  117], 
HCI  [18],  ethylbromide  (CjHjBr)  [19],  ethyliodide  (C2H5I)  [20,21],  and  normal-butviiodide 
(n-C4H9l)  [21],  The  controllability  of  carrier  concentration  over  a  wide  range  from  lO’^  to  lO'^ 
cm'^  is  noticed  for  the  iodine  doping. 

ZnS  layers  of  n  type  have  also  been  successfully  grown  using  TEAl  [10]  and  HCI  as 
dopants  [22].  Recently,  we  have  found  that  ethylbromide  (C2H5Br  )  is  also  an  appropriate 
dopant  for  obtaining  ZnS  layers  with  high  carrier  concentrations  of  mid  lO'*  cm'^  which  show 
efficient  blue  photoluminescence  at  room  temperature. 

A  general  principle  for  obtaining  high  cairier  concentration  is  to  grow  layers  at  low 
temperatures,  typically  below  350°C.  The  decrease  of  carrier  concentrations  in  Al-doped  ZnSe 
and  ZnS  layers  with  increasing  growth  temperature  above  350°C  is  primarily  due  to  the  self¬ 
compensation,  since  the  increase  in  self-activated  photoluminescence  (so  called  SA 
photoluminescence),  which  is  ascribed  to  the  donor  (Al)-acceptor  (Al-Zn  vacancy  complex)  pair 
emission,  is  observable  for  such  samples  [10,23].  For  halogen-doped  layers,  a  decrease  in 
impurity  incorporation  efficiency  also  takes  place  with  increasing  growth  temperature,  resulting 
in  decrease  of  carrier  concentration. 

One  should  note  here  that  the  SA  photoluminescence  in  MOCVD  grown  ZnSe  is  not 
completely  eliminated  at  present  for  high  carrier  concentration  samples.  The  SA 
photoluminescence  of  ZnSe  is  orange  at  room  temperature,  while  band  edge  emission  is  blue. 
Therefore,  it  is  very  important  to  suppress  the  SA  emission  of  ZnSe  layers  for  its  application  to 
blue  light-emitting  devices.  On  the  other  hand,  the  high  coductivity  ZnS  layers  doped  with  n-type 
impurities  generally  exhibit  efficient  blue  SA  photoluminescence,  which  is  favorable  for  its 
device  application  for  blue  LEDs. 
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p-Type  doping 

The  impurities  for  p-type  doping  of  ZnSe  by  MOCVD  first  noted  were  group  V  elements 
of  N,  P  and  As  which  are  to  be  substituted  on  the  Se  site  of  the  ZnSe  lattice,  presumably  because 
their  conventional  sources  of  NH3,  PHj  and  ASH3  were  available.  Stutius  grew  ZnSe  layers  by 
MOCVD  in  the  presence  of  NH3  and  PH3  and  found  from  photoluminescence  that  N  acts  as  a 
shallow  acceptor  and  P  as  a  deep  acceptor,  but  no  direct  proof  of  p-type  behavior  was  obtained 
(24).  Okajima  et  al.  suggested  that  As  in  the  ZnSe  layers  grown  using  ASH3  as  a  dopant  forms 
both  shallow  and  deep  states  (25).  Our  samples  of  arsenic-doped  ZnSe  grown  in  a  similar 
manner  have  only  shown  deep  level  photoluminescence. 

We  have  paid  attention  to  the  fact  that  high  quality  epitaxial  layers  of  wide  bandgap 
materials  are  typically  grown  under  high  VI  vapor  pressure,  e.g.,  VI/11  flow  ratio  is  larger  than 
10.  Under  this  growth  condition,  high  concentration  doping  with  group  V  acceptors  to  be 
substituted  on  the  Se  site  cannot  h  expected.  Instead,  group  la  elements  which  act  as  acceptors 
to  be  substituted  on  the  Se  site  would  be  more  effectively  incorporated.  By  using  Li3N  as  the 
dopant,  we  have  succeeded,  for  the  first  time,  in  growing  p-type  ZnSe  with  sufficiently  high 
carrier  concentrations  ranging  from  low  lO’^  to  high  lO’ '  cm'^|261.  The  problems  with  this 
dopant  are  a  reaction  with  H2Se  and  its  low  vapor  pressure.  Therefore,  we  were  forced  to  use  the 
source  combination  of  alkyl  zinc  and  alkyl  selenide  instead  of  adduct  and  H2Se  at  the  expense  of 
low  growth  temperature  of  the  latter,  and  to  locate  the  dopant  at  a  part  of  the  susceptor  in  the 
reactor.  Typical  substrate  and  dopant  temperatures  were  450°C  and  400°C,  respectively.  This 
resulted  in  low  controllability  of  carrier  concentration.  Low  temperature  photoluminescence  of 
the  samples  suggests  that  N  is  also  incorporated  together  with  Li.  We  believe  that  Li  and  N  co¬ 
doping  is  effective  for  obtaining  high  hole  concentration  and  stabilizing  mobile  Li  atoms. 

Nitrogen-doped  p-type  ZnSe  layers  with  carrier  concentration  of  about  lO'^  cm'^  have 
been  grown  using  NH3  (27).  Lithium-doped  p-type  ZnSe  layers  grown  using  tertiary- 
butyllithium,  which  show  reproducible  carrier  concentrations  in  a  range  of  10’^  cm'^,  have  been 
reported  quite  recently  [28|.  Although  these  concentrations  are  not  sufficiently  high,  we  could 
expect  a  reproducible  growth  of  21nSe  layers  with  higher  concentrations  by  co-doping  of  Li  and 
N  using  these  dopants. 

Our  preliminary  growth  of  ZnS  using  cyclopentadienyl  lithium  as  a  dopant  has 
demonstrated  that  Li  act  as  a  shallow  acceptor. 

It  is  obvious  that  high  purity  sources  and  low  temperature  growth  are  two  keys  for 
achieving  better  p-type  conductivity  control  of  wide  bandgap  II-VI  materials.  Our  recent  results 
of  high  purity  ZnSe  layers  grown  using  the  DMZn  source  which  involves  extremely  low 
concentration  of  chlorine  impurities  and  the  low  temperature  growth  of  ZnSe  achieved  by  photo- 
assisted  MOCVD  using  alkyl  zinc  and  alkyl  selenide  sources  are  quite  encouraging  [29]. 


CONCLUSION 

General  principles  for  growing  high  quality  layers  of  2^Se  and  related  materials  on  GaAs 
and  GaP  substrates  by  MOCVD  have  been  described,  with  emphasis  on  the  appropriate  choice  of 
source  materials  and  lattice  match  between  epilayers  and  substrates.  Recent  progress  in  impurity 
doping  during  MOCVD  has  demonstrated  that  n-type  control  of  ZnSe  and  ZnS  layers.can  be 
achieved  satisfactorily.  It  has  been  shown  that  p-type  ZnSe  layers  can  be  grown  by  doping  with 
lithium  and/or  nitrogen  during  growth,  but  further  studies  are  necessary  to  improve 
controllability. 
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Recently,  with  the  advene  of  thermal  nonequilibrium  growth  techniques 
like  molecular  beam  epitaxy  and  metalorganic  chemical  vapor  deposition, 
great  progress  has  been  made  in  overcoming  some  of  the  problems 
traditionally  encountered  in  the  growth  and  doping  of  ZnSe.  Breakthroughs 
have  been  made  in  several  areas  including  the  growth  of  high  quality  undoped 
films,  in  intentional  n*type  doping  and,  most  Importantly,  in  p-type  doping. 
In  this  paper  we  will  review  the  progress  made  in  the  growth  and  doping  of 
ZnSe  by  molecular  beam  epitaxy. 

In  addition,  we  will  present  some  of  our  recent  results.  We  will 
describe  the  growth  of  ZnSe  at  temperatures  as  low  as  150°C  using  thermally 
cracked  selenium.  We  will  discuss  our  production  of  low  resistivity  p-ZnSe 
and  will  describe  the  junction  characteristics  and  injection  electro¬ 
luminescence  obtained  from  ZnSe  p-n  junctions.  Finally,  some  problems  which 
we  feel  are  limiting  the  performance  of  our  ZnSe  light  emitting  diodes  and 
the  approaches  which  may  be  used  to  overcome  these  problems  will  be 
discussed . 


Introduction 


Zinc  selenlde  (ZnSe)  has  several  properties  which  make  it  an  attractive 
material  for  optoelectronic  device  applications;  it  has  a  direct  band  gap  of 
about  2 .  7eV  at  room  temperature,  is  transparent  over  a  wide  range  of  the 
visible  spectrum  and  has  relatively  large  nonlinear  optical  coefficients. 
Some  devices  which  take  advantage  of  these  proper  ies  include  blue  light 
emitting  diodes,  injection  laser  diodes,  electroluminescent  displays,  second 
harmonic  generators,  frequency  mixers  and  optical  modulators. 

Construction  of  the  types  of  devices  described  above  places  very 
stringent  requirements  on  the  crystalline  quality  of  the  materials  used  to 
fabricate  the  devices.  Unfortunately  the  growth  of  large,  single  crystals 
of  ZnSe  with  low  dislocatio."'  and  twin  densities  using  melt  growth  techniques 
has  proved  to  be  extremely  difficult,  if  not  impossible.^ 

In  addition  to  excellent  crystalline  perfection,  some  of  the  proposed 
optoelectronic  devices  also  require  high  quality  p-n  Junctions.  The 
difficulty  in  producing  high  quality  p-n  junctions  in  ZnSe  primarily  lies  in 
the  inability  to  produce  conductive  p-type  material.  The  physics  behind 
this  difficulty  is  the  mechanism  of  self -compensation . 2  Since  self¬ 
compensation  is  a  direct  consequence  of  thermodynamics,  many  groups  have 
turned  to  growth  techniques  in  which  growth  is  controlled  by  kinetics  rather 
than  equilibrium  thermodynamics;  one  such  technique  is  molecular  beam 
epitaxy 

In  this  paper  we  wish  to  focus  on  the  growth  and  doping  of  ZnSe  by  MBE. 
We  will  review  some  of  the  advances  which  have  been  made  since  this  growth 
technique  has  been  applied  to  ZnSe  and  will  try  to  emphasize  the  more 
significant  results.  Furthermore,  we  will  describe  some  of  our  recent 
efforts  such  as  the  production  of  highly  conductive  p-type  films  through  Li 
doping,  the  growth  of  singK  crystals  at  very  low  temperatures  using  cracked 
Se ,  and  the  fabrication  of  blue  LED's.  We  will  finish  by  describing  some  of 
the  outstanding  problems  limiting  the  performance  of  our  blue  LED's  and 
potential  solutions  to  these  problems. 
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REVIEW  OF  MBE  GROUTH 

The  growth  of  ZnSe  by  MBE  was  first  reported  by  Smith  and  Pickhardt  in 
1975.^  They  found  that  substrate  choice  and  preparation  had  a  significant 
effect  on  the  crystallographic  quality  of  the  resulting  films;  they  showed 
that  (100)  oriented  GaAs  was  preferred  over  the  other  substrates  they 
studied.  The  MBE  growth  of  ZnSe  on  ZnSe^"^,  Ge®  and  Si^  have  also  been 
reported,  but  routine  use  of  these  alternative  substrates  has  not  gained 
widespread  acceptance.  The  advantages  of  GaAs  over  other  potential 
substrates  are:  (1)  GaAs  is  nearly  lattice-matched  to  ZnSe  (Aa/a~0 . 25%) ,  (2) 
large,  high  quality  GaAs  substrates  are  readily  available,  (3)  GaAs,  like 
ZnSe,  is  a  polar  material,  and  (4)  surface  preparation  techniques  for  GaAs 
are  well  developed. 

In  order  to  produce  conductive,  n-type  ZnSe  crystals  using  conventional 
bulk  growth  techniques  it  was  necessary  to  subject  the  samples  to  a 
post-growth  anneal  in  molten  Zn  (sslOOO^C)  for  several  hours.  Tho 
observation  of  very  conductive  n-type  epitaxial  films  grown  by  MBE  without 
the  "Zn-extraction"  treatment  clearly  demonstrated  the  superiority  of  this 
technique  over  conventional  growth  methods. Films  with  resistivities 
about  1  0-cm  and  room  temperature  carrier  mobilities  comparable  to  that  of 
Zn-extracted  bulk  ZnSe  were  successfully  grown.  The  good  quality  of  these 
films  was  further  evidenced  by  the  dominant  near-band-edge  emission  in  the 
photoluminescence  (PL)  at  room  temperature. 

Studies  of  the  effects  of  growth  conditions  on  film  properties  began 
soon  after  the  demonstration  that  device  quality  epitaxial  films  could  be 
deposited  by  MBE.  The  parameters  which  were  independently  controlled  during 
these  investigations  were  the  substrate  temperature  (Tq)  and  the  molecular 
beam  fluxes.  When  using  elemental  sources  evaporated  from  standard  effusion 
cells  it  was  shown  that  the  acceptable  window  for  the  growth  of  device 
quality  ZnSe  was  250®C<Tq<400®C.^^  Samples  grown  at  temperatures  outside 
this  window  generally  exhibited  much  lower  electron  mobilities  and 
defect-related  features  appeared  in  their  PL.  A  more  complete  study  in 
which  both  the  substrate  temperature  and  Zn/Se  beam  pressure  ratio  were 
varied  revealed  four  growth  regimes  in  the  growth  space  defined  by  these  two 
variables. During  this  two  dimensional  growth  space  study,  the  Zn/Se  beam 
pressure  ratio  was  varied  from  0.25  to  2.0  and  the  growth  temperature  was 
varied  over  250-400®C.  Reflection  high  energy  electron  diffraction  (RHEED) 
patterns  observed  during  growth  revealed  two  transition  lines:  (1)  a 
transition  from  2n-  to  Se-stabilized  growth  and  (2)  a  transition  from  2-  to 
3-dimensional  growth.  The  intersection  of  these  two  transition  lines 
provides  a  fundamental  reference  point  in  growth  space.  The  electrical  and 
optical  properties  of  these  films  were  correlated  with  the  transition  lines 
and  the  best  growth  conditions  for  undoped  ZnSe  were  found  to  occur  under 
slightly  Zn-stabillzed  conditions  near  the  transition  between  two- 
dimensional  to  three-dimensional  growth. 

Up  to  this  point,  most  unintentionally  doped  films  grown  under 
reasonable  conditions  were  strongly  n-type.  The  next  major  step  taken  was 
the  identification  and  the  elimination  of  the  unintentional  donors.  Several 
proposals  were  put  forth  as  to  the  origin  of  the  unwanted  donors;  these 
Included:  (1)  uncontrolled,  intrinsic  point  defects,  (2)  extrinsic 
Impurities  emanating  from  the  sources,  (3)  outdiffusion  of  Ga  from  the  GaAs 
substrate,  (4)  vapor  transport  of  In  which  is  used  for  substrate  bonding  and 
(5)  a  combination  of  the  above.  A  partial  resolution  of  this  issue  resulted 
from  a  series  of  secondary  ion  mass  spectrometry  (SIMS),  selectively-excited 
photoluminescence  (SPL)  and  electrical  transport  studies. From  these 
studies  it  was  concluded  that  the  n-type  conductivity  was  primarily  due  to 
the  unintentional  incorporation  of  Cl. 

The  growth  of  undoped,  high  purity,  high  resistivity  ZnSe  was  achieved 
using  extremely  pure  Se  source  materials . In  their  report,  Yoneda  et 
al .  showed  that  repeated  distillation  of  the  Se  source  resulted  In  a 
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dranacic  reduction  of  the  residual  donor  density  as  evidenced  by  the  gradual 
elimination  of  the  donor  bound  excitons  (DBC)  in  the  PL  and  a  reduction  of 
the  residual  electron  density  from  lO^^cm'^  to  less  chan  7xl0^^cm’^ 

(Fig.  1).  This  result  clearly  demonstrated  that  the  donor  impurities  were 
emanating  from  the  Se  source  and  that  they  could  be  eliminated  by  cyclic 
sublimation  of  that  source.  The  need  to  carry  out  in>house  Se  purification 
was  subsequently  shown  to  be  unnecessary  when  undoped,  highly  resistive 
-cm)  ZnSe  could  be  routinely  grown  using  ultra  pure  Se  from  Osaka 
Asahi  Metals  Company . 
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Fig.l  Dependence  of  the  carrier  concentration  and  excitonic  emission 
intensity  as  a  function  of  Se  purification  cycles.  Reproduced  with 
permission  from  the  authors  and  Applied  Physics  Letters. 


Intentional  n-tvoe  Doping 

The  interpretation  of  intentional  doping  studies  was  made  much  more 
transparent  with  the  elimination  of  inadvertent  doping.  With  the  ability  to 
grow  high  quality,  Intrinsic  ZnSe  films  It  was  no  longer  necessary  to 
deconvolute  the  effects  of  intentional  doping  from  those  resulting  from 
unintentional  dopant  Incorporation,  The  conventional  wisdom  in  choosing 
donor  impurities  has  been  to  substitute  either  group  III  elements  for  Zn  or 
group  VII  elements  for  Se.  The  dopants  which  have  been  studied  include 
In^^,  A1^2,  and  Of  these  Cl  has  produced  the 
most  spectacular  results . 

Chlorine  doping  has  allowed  the  highest  electron  concentrations  to 
date.  The  only  reported  source  which  has  been  used  to  achieve  Cl  doping  was 
99.999%  pure  ZiiCl2.  The  ZnCl2  is  evaporated  from  a  standard  effusion  cell 
at  temperatures  typically  from  130  to  225®C.^®’2^  During  our  initial 
Cl-doplng  study  a  series  of  films  were  grown  with  a  substrate  temperature  of 
300®C  and  a  Zn-to-Se  beam  pressure  ratio  of  1/4.  The  growth  rates  were 
O.Btim/ht.  The  PL  of  the  undoped  films  was  dominated  by  free  exciton 
recombination  and  the  resistivity  of  these  films  was  greater  than  IXlO^fl-cm. 
As  we  started  doping  we  observed  two  prominent  features  in  the  PL  spectra: 
(1)  the  DBE  at  2.7945  eV  and  (2)  a  very  broad  band  with  an  intensity  maximum 
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near  2.0  eV,  At  low  Cl  concentrations,  the  DBE  intensity  increased  with  Cl 
concentration  becoming  the  dominant  feature  until  it  reached  a  maximum  when 
[ClI»lxZ0^®cm'^.  After  this  point  the  BBE  intensity  decreased  with  heavier 
doping.  The  intensity  of  the  broad  band  centered  at  2.0  eV  increased  from 
an  undetectable  level  in  the  lightly  doped  films  up  to  where  it  became  the 
dominant  feature  in  the  photoluminescence  (Fig.  2a). 


Fig.  2a  The  PL  from  Cl-doped  ZnSe  samples.  The  most  intense  feature  in  the 
lightly  doped  films  is  from  the  DEE  whereas  a  deep  level  becomes  dominant  as 
doping  levels  increase. 

Fig.  2b  The  electron  concentration  and  mobility  are  shown  versus  the 
reciprocal  of  the  temperature  of  the  dopant  source. 


The  carrier  concentrations  were  measured  in  the  Cl-doped  films  using  Hall 
measurements  (Fig.  2b).  We  found  that  we  could  reproducibly  dope  films  with 
carrier  concentrations  less  than  lO^^cm'^  up  to  1 . SxlO^^cm* ^ .  The  room 
temperature  electron  mobilities  in  our  studies  decreased  from  430  cm^/V-sec 
in  the  lightly  doped  films  to  240  cm^/V-sec  in  the  heavily  doped  films. 

Another  major  concern  when  considering  intentional  n-type  doping  is 
whether  or  not  the  dopant  source  will  contaminate  the  bell  jar  producing  the 
so-called  memory  effect.  ZnCl2  appears  to  also  be  a  very  well-behaved 
dopant  in  this  respect.  We  have  grown  undoped  ZnSe  with  dominant  free 
exciton  emission  and  high  resistivity  immediately  following  the  growth  of 
heavily  Cl-doped  layers. 


Controllable  p-tvpe  Doping 

Controllable  p-type  doping  represents  the  next  major  obstacle  in 
development  of  the  HBE  growth  of  ZnSe  .  The  standard  approach  for  p-type 
doping  Is  to  substitute  with  group  V  elements  on  the  Se  site  or  to 
substitute  with  group  I  elements  on  the  Zn  site.  The  dopants  most  commonly 
used  Include  Ll^”,  Ag^®,  and  Sb^^.  In  addition 
to  the  conventional  dopants,  there  recently  have  been  efforts  to  dope  with 
oxygen. Of  the  dopants  studied  so  far  Li,  N  and  0  have  produced  the 
most  promising  results. 
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Although  oxygen  is  isoelectronic  with  Se,  Akimoto  et  al.  reported  the 
observation  of  a  shallow  acceptor  level  in  ZnSe  after  doping  with 
While  this  phenomenon  is  not  well  understood  it  is  believed  that  oxygen's 
large  electronegativity  causes  a  charge  transfer  from  the  host  lattice  to 
the  substitutional  0  impurity.  In  his  studies  Akimoto  used  99.999%  pure  ZnO 
as  the  source  of  0,  the  growth  temperature  was  fixed  at  240°C  and  the 
Zn-to-Se  beam  pressure  ratio  was  held  at  unity.  The  temperature  of  the  ZnO 
source  was  varied  from  650^0  to  900^C.  Two  peaks  were  observed  at  443.7  and 
455.1  nm  in  the  PL  taken  from  a  sample  doped  with  0  at  2.2xl0^^cm'^.  These 
peaks  were  assigned  to  emissions  from  a  neutral  acceptor  bound  exciton  (ABE) 
and  the  zero  phonon  peak  in  a  donor-acceptor  pair  series  (DAP) .  From  the 
positions  of  the  ABE  and  DAP  the  oxygen-related  acceptor  ionization  energy 
was  estimated  to  be  80  meV.  ZnSe  p-n  junction  diodes  were  fabricated  from  a 
sample  grown  on  a  Si-doped  GaAs  substrate  with  an  0-doped  p-layer  and 
Ga-doped  n-layer.  Although  Hall  measurements  on  the  p-layers  were  not 

possible,  capacitance -voltage  (C-V)  profiles  of  the  p-n  junctions  were 
completed.  From  the  C-V  measurements  the  hole  concentration  was  determined 
to  be  1.2xl0^^cm"^  and  the  built  in  potential  was  estimated  to  be  2.3V.  Blue 
emission  was  obtained  at  room  temperature  and  77K  when  the  diodes  were 
forward  biased  at  3.5V  (200  ma) .  The  electroluminescence  (EL)  showed  a  very 
pronounced  peak  at  466nm  at  room  temperature  and  two  peaks  at  446  and  459nin 
when  operated  at  77K. 

Reports  describing  N-doping  of  ZnSe  have  demonstrated  that  N  forms  a 
shallow  acceptor  with  ionization  energy  of  approximately  110  meV.  Nitrogen 
doping  of  ZnSe  by  MBE  has  been  achieved  using  NH3,  N2  and  low-energy  ionized 
beams  of  NH3  as  dopant  sources .  , 30  cases  PL  spectra  obtained  from 

the  N-doped  films  showed  ABE  emissions  near  2.790  eV  and  DAP  series  with  a 
zero  phonon  peaks  near  2.700  eV.  Although  the  PL  studies  clearly  showed  the 
formation  of  an  acceptor  level,  no  evidence  of  p-type  conversion  could  be 
obtained  through  electrical  measurements.  One  of  the  major  complications 
when  attempting  to  dope  with  N  is  that  N2  and  NH3  have  very  low  sticking 
coefficients.  Park  et  al.  required  N2  or  NH3  overpressures  of  about  10'^ 
mbar  in  order  to  incorporate  even  modest  amounts  of  N.  In  an  attempt  to 
circumvent  this  problem,  Mitsuyu  et  al.  used  an  ionized  source  of  nitrogen. 
While  some  Improvement  over  doping  with  unionized  sources  was  demonstrated, 
conductive  p-type  ZnSe  was  not  achieved. 

To  date,  the  most  spectacular  demonstrations  of  p-type  conductivity  in 
ZnSe  grown  by  MBE  have  been  with  Li  doping. We  have  studied  three  types 
of  Li  sources:  (1)  Li  alkali  metal  dispensers,  (2)  Li3N  and  (3)  elemental 
Li.  Of  these  elemental  Li  provides  the  most  usable  source  in  terms  of  flux 
stability,  active  acceptor  incorporation  and  reproducibility.  The  lithium 
metal  we  use  is  99.95%  pure  and  no  additional  purification  is  attempted. 
The  Li  is  evaporated  from  a  standard  2cc  Knudsen  cell  whose  temperature  is 
varied  from  220  to  320^0.  During  the  Li-doping  studies  we  used  growth 
temperatures  from  250-375^0  and  Zn-to-Se  beam  pressure  ratios  from  1/4  to  2. 
SIMS  measurements  have  <!hown  that  Li  concentrations  up  to  5xl0^^cra'^  have 
been  achieved  without  detectable  Incorporation  of  other  inadvertent 
impurities.  We  have  not  observed  any  type  of  memory  effect  in  our  system. 

The  typical  near-band-edge  PL  spectrum  taken  at  9K  from  our  undoped 
samples  is  shown  in  figure  3.  The  spectrum  is  dominated  by  emission  from 
free  excitons  at  2.803  and  2.799  eV  indicating  very  low  residual  impurity 
concentrations.  There  is  very  little  emission  from  DBE's  (2.795  to  2.798 
eV) .  Also  shown  in  figure  3  is  the  spectrum  taken  at  9K  from  one  of  our 
Li -doped  films.  The  growth  temperature  for  this  sample  was  350®C,  the  Zn/Se 
flux  ratio  was  unity  and  the  Li  doping  concentration  was  1 . 2x10^ 'em’ ^ .  The 
dominant  feature  is  an  ABE  doublet  with  peaks  at  2.7908  and  2.7891  eV.  A 
weak  DAP  series  is  also  present  with  its  zero-phonon  peak  at  2.691  eV.  From 
the  positions  of  the  ABE  and  DAP  we  obtain  an  acceptor  ionization  energy  of 
approximately  115  meV. 
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Fig.  3  Typical  PL  spectra  obtained  from  undoped  and  Li-doped  films. 


We  have  measured  the  net  acceptor  densities  in  our  films  by  C-V 
profiling.  In  these  measurements  we  formed  the  diodes  either  with  300^b 
diameter  evaporated  Au  dots  or  with  a  900Mm  diameter  Hg  electrode  in  a 
standard  mercury  probe;  we  used  ring  dot  patterns  so  that  the  C-V  profiles 
were  asymmetric  with  respect  to  voltage  bias.  A  C-V  profile  for  a  sample 
grown  at  300®C  with  Zn/Se  beam  pressure  ratio  of  1/2  and  Li  concentration  of 
8.6xl0^^cm"^  is  shown  in  figure  4.  This  film  was  determined  to  be  p-type 
from  the  bias  polarity  needed  to  increase  the  width  of  the  space  charge 
region.  The  net  acceptor  concentration  was  determined  to  be  8.2xl0^^cm’^ 
from  the  slope  of  1/C^  vs  V;  this  represents  our  best  effort  to  date.  We 
are  able  to  routinely  produce  samples  with  N^-Np  >  IxlO^^cm'^  when  the  Li 
concentrations  are  in  the  mid-10^^  to  low-lO^^cm'^  over  a  wide  ranee  of 
growth  conditions.  As  the  Li  concentration  Is  increased  above  mid-lO^cm"^ 
the  films  become  compensated.  The  origin  of  the  compensating  centers  is  not 
known  at  this  time. 
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Fig.  4  This  figure  shows  the  1/C^  vs  V  and  depth  profile  for  our  best 
p-type  Ziioe  film  to  date. 
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Ue  have  fabricated  ZnSe  p-n  junction  diodes  where  the  p-layers  were  produced 
by  Li-doping  and  the  n-layers  were  produced  by  Cl-doping.  These  layers  were 
grown  on  (100)  oriented  p+  GaAs  substrates.  The  diode  structure  we 
typically  use  is  shown  in  figure  5.  Under  forward  bias  blue 
electroluminescence  (EL)  centered  at  about  461nn  is  observed  at  room 
temperature;  the  FWHM  of  this  peak  is  approximately  9.9nm.  At  77K  two  peaks 
at  approximately  444  and  459nm  can  be  seen  in  the  EL  spectrum.  The  459nm 
peak  has  a  long  wavelength  shoulder  Indicating  another  peak  at  464nm.  The 
splitting  between  these  peaks  suggests  that  these  emissions  may  be  due  to 
band-to-band,  band*to*acceptor ,  and  donor- to-acceptor  transitions.  Very 
little  deep  level  EL  was  observed  either  at  room  temperature  or  at  77K.  The 
light  emission  we  observe  is  not  uniform  across  the  diode.  Instead  the 
light  is  emitted  from  numerous  spots,  this  phenomenon  is  likely  a  result  of 
filamentary  breakdown  at  the  ZnSe/GaAs  Interface.  In  our  better  diodes,  the 
bright  spots  nearly  cover  the  entire  mesa  giving  the  appearance  of  uniform 
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Fig.  5  This  figure  shows  the  structure  of  our  LED's.  Also  shown  are  the  EL 
spectra  obtained  at  room  temperature  and  77K. 


As  was  pointed  out  earlier  the  lowest  growth  temperature  that  allows 
the  MBE  growth  of  ZnSe  single  crystals  Is  approximately  250®C  when  the  Se  is 
evaporated  from  a  standard  effusion  cell.  The  ability  to  grow  ZnSe  at  still 
lower  temperatures  may  be  beneficial  for  several  reasons.  It  should 
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suppress  interdiffusion  at  the  interface,  allow  the  production  of  more 
abrupt  doping  profiles,  and  enhance  the  sticking  of  highly  volatile  dopant 
species.  Growth  at  lower  temperatures  may  also  prove  to  be  necessary  In 
order  to  further  increase  the  incorporation  of  uncompensated  acceptors ;  this 
phenomenon  has  already  been  observed  in  certain  III-V  semiconductors.^^ 

Recently,  we  demonstrated  that  device  quality,  single  crystal  ZnSe  can 
be  grown  at  temperatures  as  low  as  ISO^C  when  using  a  thermally  cracked  Se 
source. In  our  studies  we  use  a  cracker  cell  which  consists  of  a  bulk 
evaporator  and  a  high  temperature  cracking  zone  of  custom  design.  The 
design  and  capabilities  of  this  furnace  are  discussed  In  detail  elsewhere. 

We  typically  operate  the  cracking  zone  at  600^0.  By  passing  the  beam 
through  the  hot  cracking  zone  we  observe  a  significant  reduction  in  the 
number  of  large  molecular  species  (Se^^,  n>2)  of  Se. 

The  PL  spectra  obtained  at  9K  from  three  layers  grown  at  low 
temperatures  are  shown  in  figure  6.  Sample  (a)  was  grown  at  200®C  using 
uncracked  Se.  As  can  be  seen  from  the  PL  spectrum,  the  film  is  of  very  poor 
quality;  the  spectrum  is  dominated  by  defected  related  bands  at  2.6,  2.5  and 
2.2  eV.  The  RHEED  pattern  observed  during  the  growth  of  this  film  indicated 
that  the  films  was  partially  polycrystalline.  Sample  (b)  was  also  grown  at 
200^C,  but  this  time  the  Se  was  thermally  cracked.  The  PL  spectrum  for  this 
sample  is  dominated  by  near -band* edge  emission  and  is  comparable  to  the 
spectra  obtained  from  samples  grown  at  higher  temperatures  using  uncracked 
Se.  Sample  (c)  was  grown  at  ISO^C  using  thermally  cracked  Se .  The  PL 
spectrum  Is  again  dominated  by  NBE  emission,  but  this  time  the  DBE  emission 
(2 . 794-2 . 797eV)  is  slightly  more  intense  than  the  free  exciton  emission 
(2.799-2.803  eV);  this  may  indicate  that  extrinsic  impurities  are  more 
efficiently  incorporated  into  the  growing  film  when  lower  growth 
temperatures  are  used.  Attempts  to  grow  at  temperatures  less  than  150®C 
have  produced  only  polycrystalline  samples  up  to  this  time. 
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Fig.  6.  The  PL  from  three  samples  grown  at  low  temperatures  are  shown  here. 
Sample  (a)  was  grown  at  200^0  using  uncracked  Se.  Samples  (b)  and  (c)  were 
grown  using  cracked  Se  at  200^C  and  150®C,  respectively. 
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Our  undoped  films  grown  with  uncracked  Se  at  250-350^0  are  normally 
fully  depleted.  This  was  also  the  case  for  the  undoped  layers  grown  at 
150-200^0  with  cracked  Se.  In  order  to  determine  whether  or  not  the  carrier 
mobilities  would  be  diminished  by  growing  at  these  low  temperatures  we  grew 
a  sample  intentionally  doped  with  Cl.  Hall  measurements  demonstrated  the 
electron  mobility  at  room  temperature  to  be  399  cm^/V-sec  in  a  sample  with 
electron  density  of  2 . 6xl0^^cm‘^ .  These  values  are  comparable  to  what  we 
would  expect  for  samples  grown  at  temperatures  greater  than  250°C  similarly 
doped  with  Cl, 

Ue  have  also  recently  shown  chat  Li  can  be  better  confined  in  samples 
grown  at  low  temperatures.  In  figure  7  we  show  SIMS  profiles  from 
modulation  doped  samples  grown  at  350®C  and  150®C.  The  growth  schedule  for 
both  of  these  samples  was  such  that  a  Li-doped  layer  (0.5^m  thick)  was  to 
have  been  sandwiched  between  two  undoped  layers  (l.O^m  thick).  However, 
SIMS  measurements  showed  the  lithium  concentration  to  be  nearly  uniform  In 
the  sample  grown  at  350°C;  this  is  likely  the  result  of  solid  state 
diffusion  of  Li.  The  lithium  profile  in  the  sample  grown  at  ISO^C,  however, 
shows  very  little  diffusion  into  the  underlying  undoped  layer.  The 
continued  incorporation  of  Li  after  closing  the  Li  cell  shutter  is  likely  a 
result  of  the  surface  segregation  of  Li;  a  similar  observations  have  been 
made  in  Sn  doping  of  GaAs^^  and  Na  doping  of  ZnSe.^^  This  preliminary  result 
Indicates  that  Li-diffusion  may  be  controlled  by  moving  to  lower  giowth 
temperatures . 
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Figure  7  The  SIMS  profiles  of  Li  doped  samples  grown  at  350^C  and  150®C. 
The  dashed  lines  indicate  the  region  where  the  Li  source  shutter  was  open. 


Existing  Problems 

Reliable  resistivity  and  Hall  effect  measurements  on  p-type  ZnSe  have 
not  been  possible  in  our  labs  because  of  the  inability  to  form  ohmic 
contacts.  Even  more  importantly,  the  performance  of  our  LED's  has  been 
greatly  diminished  because  of  losses  at  the  p- layer  contact;  in  all  cases  we 
rely  on  the  reverse  breakdown  of  barriers  either  at  the  metal  contact  or  at 
the  heterointerface.  However,  not  all  labs  report  difficulty  in  making 
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ohmic  contacts.  Aklmoto  has  reported  ohmic  contact  to  p-ZnSe  with  Au^^;  the 
discrepancy  is  not  understood  at  this  time.  Ultraviolet  photoemission 
spectroscopy  has  shovm  that  surface  states  are  not  important  in  determining 
the  barrier  height  at  the  metal -semiconductor  interface  in  ZnSe.^^  Instead, 
the  barrier  at  the  interface  obeys  the  classical  Schottky  barrier  model. 
Since  the  valence  band  maximum  is  more  6.8  eV  from  the  vacuum  level  it  is 
not  possible  to  form  a  simple  ohmic  contact  since  no  metal  has  a  work 
function  greater  than  5.7  eV.  Nevertheless,  we  have  attempted  to  form 
contacts  using  a  wide  variety  of  metals,  alloys  and  compounds  deposited  by 
vacuum  evaporation  and  RF  sputtering  onto  surfaces  which  had  been  prepared 
by  a  wide  variety  of  techniques;  post-deposition  thermal,  rapid  thermal,  and 
laser  anneals  were  also  studied.  To  date,  vacuum  evaporation  of  Au  onto 
untreated  films  have  produced  the  best  results  in  which  contacts  with 
barrier  heights  of  approximately  1  eV  are  formed. 

A  second  approach  to  making  contact  to  p-2nSe  is  to  inject  holes  from 
the  substrate  through  the  heterointerface.  In  this  approach  the  quality  of 
the  interface  is  of  critical  importance.  Several  issues  must  be  addressed 
when  attempting  to  control  or  modify  interface  properties:  (1)  lattice 
mismatch,  (2)  difference  in  thermal  expansion  coefficients,  (3)  band  offsets 
and  (4)  interface  charges  and  dipoles.  Although  ZnSe  is  nearly  lattice 
matched  to  GaAs,  misfit  dislocations  are  formed  to  accommodate  the  slight 
difference  in  lattice  parameters.  The  effect  of  the  dislocation  network  on 
transport  across  the  interface  is  not  well  understood.  One  solution  to  this 
problem  is  to  grow  on  lattice  matched  substrates;  growth  of  ZnSe  on  InGaAs 
has  been  shown  to  greatly  reduce  problems  associated  with  lattice 
mismatch, Not  only  should  the  substrate  and  epilayer  be  lattice  matched 
at  growth  temperature,  they  should  also  have  similar  lattice  parameters  at 
room  temperature.  Since  it  Is  difficult  to  greatly  modify  the  thermal 
expansion  coefficient  of  any  potential  substrate  material,  the  approach  to 
reducing  strain  from  differential  thermal  expansion  must  rely  on  minimizing 
the  difference  between  the  growth  temperature  and  the  temperature  at  which 
the  device  must  operate.  A  significant  step  has  already  been  taken  in  this 
direction  by  developing  growth  techniques  at  150®C.  By  growing  at  150®C  the 
strain  due  to  differential  thermal  contraction  is  reduced  by  about  50%  as 
compared  to  the  situation  when  using  standard  growth  temperatures.  Another 
fundamental  problem  is  that  the  valence  band  discontinuity  at  the  GaAs -ZnSe 
Interface  is  about  1.0  eV.  While  this  represents  an  already  large  barrier, 
the  unfavorable  band  lineup  may  also  be  aggravated  by  uncontrolled  interface 
charge  or  dipoles.  It  has  been  shown  in  other  systems  that  Interface  layers 
can  be  used  to  Influence  transport  across  heterointerfaces . This  approach 
usually  relies  on  the  difference  in  average  electro-negativitv  of  the  two 
materials.  Since  the  average  electronegativity  of  ZnSe  is  very  similar  to 
that  of  GaAs,  the  usefulness  of  this  approach  is  questionable.  It  should 
also  be  noted  that  intentional  modification  of  the  transport  properties  at 
heterointerfaces  is  at  a  primitive  stage  in  all  semiconductor  systems  at 
this  time. 


Very  significant  progress  ha';  been  made  in  the  growth  and  doping  of  ZnSe 
by  MBE  in  recent  years.  It  is  now  possible  for  crystal  growers  to  routinely 
produce  very  pure,  undoped  ZnSe  films.  The  PL  spectra  obtained  from  ZnSe 
films  grown  using  ultra  high  purity  Se  typically  show  dominant  free  exclton 
recombination  and  very  little  deep  level  emission.  These  films  also  have 
very  low  free  carrier  densities  and  often  their  resistivities  exceed 
lO^n-cm.  It  is  now  possible  to  Intentionally  dope  ZnSe  layers  n-type  with 
electron  densities  greater  than  lol^cm"^  when  using  Cl.  The  carrier 
mobilities  observed  in  the  Cl-doped  films  are  high  and  even  exceed  230 
cm^/V-sec  at  room  temperature  in  samples  with  n-1 . SxlO^^cm' ^ .  Zinc  chloride 
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Is  most  often  used  as  the  source  of  Cl  since  it  provides  a  stable  and 
reproducible  beam  flux.  Great  progress  has  also  been  made  in  producing 
p-type  ZnSe .  Free  hole  densities  greater  than  lO^^cm'^  have  been  reported 
in  both  Li-  and  0-doped  films.  We  have  studied  Li-doping  extensively  and 
find  that  we  can  routinely  produce  layers  with  up  to,  but  not 
exceeding,  8 . 6xl0^^cm'^.  We  have  found  that  the  most  usable  source  of  Li  is 
lithium  metal  since  it  provides  a  well  controlled  beam  flux  and  does  not 
produce  the  memory  effect.  Blue- light  emitting  diodes  have  been  realized 
from  ZnSe  p-n  junctions  where  the  p-layer  was  produced  either  through  oxygen 
or  lithium  doping.  In  both  cases  the  electroluminescence  showed  a  single, 
narrow  peak  at  approximately  461  nm  at  room  temperature  with  very  little 
deep  level  emission.  A  new  avenue  of  research  has  also  recently  opened  with 
the  demonstration  of  ZnSe  growth  at  very  low  temperatures  with  the  use  of 
thermally  cracked  Se.  While  the  full  impact  of  the  ability  to  grow  at 
temperatures  as  low  as  ISO^C  is  not  known,  it  has  already  been  shown  to  be 
useful  when  trying  to  confine  Li. 

We  feel  that  the  most  critical  issues  which  remain  to  be  addressed  are 
with  contact  formation  to  p-type  ZnSe  and  with  improving  the  properties  of 
the  heterointerface.  If  these  issues  can  be  properly  resolved  then  we  are 
confident  that  marketable  optoelectronic  devices  made  from  ZnSe  will  soon 
become  possible. 
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DEPOSITION  OF  ZINC  SELENIDE  BY  ATOMIC  LAYER  EPITAXY  FOR  MULTIUYER 

X-RAY  OPTICS 

J.K.  Shurtleff,  D.D.  Allred,  R.T.  Perkins  arid  J.M  Thorne 

Center  for  X-ray  Imaging,  Brigham  Young  University.  Provo,  Utah,  84602 


ABSTRACT 

Thin  film  deposition  techniques  currently  being  used  to  produce 
multilayer  x-ray  optics  (MXOs)  have  difficulty  producing  smooth,  uniform 
multilayers  with  d-spacings  less  than  about  twelve  angstroms.  We  are 
investigating  atomic  layer  epitaxy  (ALE)  as  an  alternative  to  these 
techniques. 

ALE  is  a  chemical  vapor  deposition  technique  which  deposits  an 
atomic  layer  of  material  during  each  cycle  of  the  deposition  process.  The 
thickness  of  a  film  deposited  by  ALE  depends  only  on  the  number  of  cycles. 
Multilayers  deposited  by  ALE  should  be  smooth  and  uniform  with  precise 
d-spacings  which  makes  ALE  an  excellent  technique  for  producing 
multilayer  x-ray  optics. 

We  have  designed  and  built  an  ALE  system  and  we  have  used  this 
system  to  deposit  ZnSe  using  diethyl  zinc  and  hydrogen  selenide. 


MULTILAYER  X-RAY  OPTICS 

Multilayer  x-ray  optics  (MXOs)  are  designed  so  that  x  rays  which  are 
diffracted  from  each  interface  of  the  multilayer  constructively  interfere 
to  give  a  large  total  reflectivity.  The  maximum  reflectivity  is  obtained 
when  the  interfaces  between  the  layer  pairs  are  abrupt  and  the  layers  are 
uniform  and  smooth  with  precise  d-spacings.  as  depicted  in  Figure  1. 


Figure  1 .  a.  A  good  multilayer  x-ray  mirror  which  gives  the  maximum 
reflectivity,  b.  A  poor  multilayer  x-ray  mirror.  Layers  are  rough  and 
nonuniform  so  that  the  diffracted  x  rays  do  not  constructively  interfere. 


Mat.  R«s.  Soc.  Symp.  Proc.  Vol.  161.  ^  1990  Matarlalt  R«Marcii  Society 
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ATOMIC  LAYER  EPITAXY 

ALE  was  developed  at  the  Lohja  Corporation  in  Finland  for  producing 
large-area  thin  film  electroluminescent  displays  [1],  It  is  currently  being 
used  to  produce  quantum  well  dehces  [2],  The  ability  oi  ALE  to  produce 
high  quality  thin  films  has  prompted  a  great  deal  of  research  on  ALE  in  the 
electronics  industry.  We  are  the  first  research  group  to  apply  ALE  to  the 
production  of  MXOs. 

ALE  is  a  thin  film  deposition  technique  which  deposits  an  atomic 
layer  of  material  during  each  cycle  of  the  deposition  process.  The 
thickness  of  the  deposited  film  depends  only  on  the  total  number  of  cycles 
and  is  independent  of  other  process  parameters  so  that  the  thickness  of  a 
film  deposited  by  ALE  can  be  controlled  to  within  one  atomic  layer  [3-5]. 

ALE  is  possible  due  to  the  difference  in  bond  energies  of 
chemisorbed  atomc  and  physisorbed  atoms. 


Chemisorption  vs  Phvsisorption 

A  chemisorbed  atom  shares  electrons  with  atoms  of  the  previous 
layer  to  form  strong  chemical  bonds.  A  physisorbed  atom  is  attracted  to 
atoms  of  the  previous  layer  by  weak  dipole-dipole  interactions  or  Van  der 
Waals  forces.  Covalent  bonds  are  typically  ten  times  stronger  than  Van 
der  Waals  forces,  as  depicted  in  Figure  3. 


Figure  3.  Interaction  energy  as  a  function  of  internuclear  separation,  a. 
Chemisorbed  atoms  form  a  strong  chemical  bond  with  atoms  of  the 
previous  layer,  b.  Physisorbed  atoms  are  only  weakly  bound  to  atoms  of 
the  previous  layer  c..  Energy  barrier  may  or  may  not  exist  depending  on  the 
type  of  atoms  being  adsorbed. 


To  successfully  deposit  materials  by  ALE,  the  bond  between  the 
adatom  and  the  previous  layer  must  be  stronger  than  the  interaction 
between  the  molecules  containing  the  adatom.  For  example,  the  bond 
between  a  selenide  atom  in  the  previous  layer  and  the  zinc  atom  in  diethyl 
zinc  is  many  times  stronger  than  the  weak  interaction  between  molecules 
of  diethyl  zinc.  The  deposition  temperature  must  also  be  selected  so  that 
the  atoms  which  have  been  chemisorbed  remain  strongly  bound  to  the 
surface  while  the  atoms  which  have  been  physisorbed  are  evaporated, 
leaving  only  the  single  layer  of  chemisorbed  atoms. 


Deposition  process 


step  1 


step  2 


step  3 


step  4 

Figure  4.  One  cycle  of  the  deposition  process  for  depositing  zinc  selenide 
by  ALE. 


,?>  'S>  8s 
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^  H2Se 


In  the  first  step,  diethyl  zinc  is  introduced  into  the  system.  The 
diethyl  zinc  molecules  react  with  the  selenide  atoms  in  the  previous  layer 
and  are  chemisorbed  until  a  complete  layer  of  zinc  atoms  is  deposited. 
Once  the  chemisorbed  layer  has  formed,  diethyl  zinc  molecules  can  only  be 
physisorbed. 

During  the  second  step,  the  gas  flow  is  shut  off  and  the  system  is 
evacuated  so  that  any  physisorbed  diethyl  zinc  molecules  will  evaporate. 
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Hydrogen  selenide  is  introduced  into  the  system  during  the  third 
step.  The  hydrogen  selenide  molecules  react  with  the  chemisorbed  diethyl 
zinc  molecules  to  form  a  single  zinc  selenide  layer  and  ethane  gas. 

In  the  fourth  and  final  step,  the  gas  flow  is  again  shut  off  and  the 
system  is  evacuated  so  that  unreacted  hydrogen  selenide  and  the  ethane 
gas  products  are  removed. 

The  cycle  is  repeated  until  the  desired  thickness  of  zinc  selenide 
has  been  deposited.  The  layer  growth  in  ALE  is  epitaxial  which  means  that 
a  complete  atomic  layer  is  deposited  before  the  next  atomic  layer  begins 
to  grow,  with  the  result  that  the  structure  of  the  deposited  layer 
resembles  that  of  the  previous  layer  or  substrate.  To  produce  the  required 
multilayers  for  use  as  MXOs,  the  reactant  gases  are  switched  and  a 
different  material  deposited.  Figure  5  depicts  a  ZnSe/CdS  superlattice 
which  could  be  used  as  a  MXO. 


Figure  5.  ZnSe/CdS  superlattice  which  can  be  deposited  by  ALE  and  used 
as  a  MXO. 


ZINC  SELENIDE  DEPOSITION 

We  recently  completed  construction  of  an  ALE  reactor.  The  system 
design  has  been  described  elsewhere  [6].  We  selected  zinc  selenide  as  the 
first  material  we  would  deposit  by  ALE,  because  other  researchers  have 
successfully  deposited  many  of  the  ll-VI  and  lll-V  semiconductor 
materials  using  metal-organic  and  hydride  reactants[7]  and  we  are 
interested  in  eventually  producing  a  ZnSe/CdS  superlattice  for  use  as  a 
MXO. 

We  report  that  we  have  successfully  deposited  zinc  selenide  on  a 
polished  [111]  silicon  substrate  using  diethyl  zinc  and  hydrogen  selenide. 
The  deposition  temperature  was  250  C.  The  diethyl  zinc  was  introduced 
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into  the  deposition  chamber  by  bubbling  200  ml/min  of  hydrogen  through 
the  liquid  diethyl  zinc.  The  hydrogen  selenide  was  introduced  directly  into 
the  deposition  chamber  at  200  ml/min.  During  each  cycle  the  reactant 
gases  were  introduced  for  2  seconds  and  the  system  was  then  evacuated 
for  8  seconds  to  a  pressure  of  3X1 0-^  torr  before  the  next  reactant  gas 
was  introduced.  The  total  deposition  consisted  of  500  cycles. 

We  determined  the  thickness  of  the  zinc  selenide  film  to  be 
approximately  360  A  using  ellipsometry.  The  thickness  of  the  zinc 
selenide  film  indicates  that  we  deposited  less  than  one  layer  of  zinc 
selenide  during  each  cycle.  We  believe  that  the  explanation  for  this  result 
is  that  we  depleted  the  diethyl  zinc  supply  before  the  500  cycles  were 
completed.  We  have  modified  the  gas  system  so  that  we  can  now  monitor 
the  amount  of  diethyl  zinc  in  the  bubbler  during  the  deposition. 


X-rav  Diffraction  Results 

We  performed  x-ray  diffraction  measurements  on  the  film  using  the 
Cu  Ka  line  at  1.54  A.  The  results  are  given  in  Figure  6  and  clearly  show 
that  the  film  on  the  Si  substrate  is  crystalline  ZnSe. 


Figure  6.  a.  CuKp  from  Si(111].  b.  CuKa  from  ZnSe[111].  c.  CuKot  from 
Si[111]. 


Electron  Microscopy  Results 

To  confirm  the  results  of  the  x-ray  diffraction  measurements,  we 
examined  the  film  using  a  scanning  electron  microscope.  The  x-ray 
emission  spectrum  we  obtained  from  the  film  and  show  in  Figure  7  proves 
that  the  film  is  indeed  ZnSe. 
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Figure  7  X-ray  emission  spectra  of  the  film  obtained  using  SEM.  The 
largest  peak  is  due  to  the  S;  substrate. 


CONCLUSIONS 

We  have  investigated  the  use  of  ALE  as  a  new  technique  for 
producing  MXOs.  Our  research  suggests  that  ALE  we  be  able  to  produce 
high  quality  MXOs  with  smooth,  uniform  layers  and  small  d-spacings. 

We  have  designed  and  built  an  ALE  reactor  and  we  have  used  this 
reactor  to  deposit  crystalline  zinc  selenide.  In  the  future,  we  will  deposit 
a  ZnSe/CdS  superlattice  for  use  as  a  MXO. 
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ABSTRACT 

In  the  study  reported  here,  the  GaAs  surface  stoichiometry  was 
systematically  varied  prior  to  the  nucleation  of  ZnSe  to  form  epitaxial 
ZnSe/epitaxial  GaAs  interfaces.  The  structures  were  grown  by  molecular 
beam  epitaxy  and  evaluated  by  several  techniques  including  capacitance- 
voltage  (C-V)  measurements.  A  dramatic  reduction  of  interface  state 
density  occurred  when  the  GaAs  epilayer  was  made  As  deficient.  The 
resulting  interface  state  densities  of  as-grown  structures  are  comparable 
to  values  obtained  with  (Al,Ga)As/GaAs  interfaces. 


INTRODUCTION 

The  wide  band  gap  of  ZnSe  (2.67  eV)  when  compared  to  (Al,Ga)As 
(2.0  eV  for  an  A1  mole  fraction  of  0.5),  as  well  as  a  close  lattice  parameter 
match  to  GaAs,  indicated  that  ZnSe/GaAs  could  provide  an  alternative  to 
(Al,Ga)As/GaAs  in  a  variety  of  device  applications.  In  recent  publications 
[1,2]  we  have  reported  the  occurrence  of  both  hole  accumulation  (for  p- 
type  GaAs)  and  inversion  (for  n-type  GaAs)  in  post-growth  annealed 
structures.  The  C-V  characteristics  of  the  annealed  structures  were 
nearly  ideal,  exhibiting  an  integrated  interface  state  density  of 
2.5xl0'*cm‘2  a  value  which  compared  favorably  with  the  densities 
reported  [3]  for  typical  (Al,Ga)As/GaAs  interfaces.  In  this  paper  we 
describe  a  growth  technique,  involving  the  selection  of  an  appropriate 
GaAs  surface  stoichiometry  prior  to  nucleation  of  ZnSe,  that  resulted  in 
as-grown  samples  exhibiting  nearly  ideal  C-V  characteristics,  without 
requiring  post-growth  annealing. 


DISCUSSION  OF  EXPERIMENTS 

The  ZnSe  and  GaAs  epilayers  were  grown  in  separate  growth 
chambers  of  a  modular  MBE  system  in  order  to  avoid  cross¬ 
contamination.  Transfer  between  growth  chambers  occurred  in  an 

Mat.  Rat.  Soc.  Symp.  Proc.  Vol.  161.  «1990  MalaUalt  Rataarch  Soclaty 


116 


ultrahigh  vacuum  (<3xlO‘'0  Torr)  transfer  module.  The  Be  doped  p-type 
(1  .OxlO'^cm‘3)  GaAs  epilayers  were  grown  on  (100)  oriented  Zn  doped 

GaAs  substrates  at  a  substrate  temperature  of  582®C.  Reflection  high 

energy  electron  diffraction  (RHEED)  was  used  to  monitor  the  film  growth; 
a  (2x4)  reconstruction  pattern  was  observed  throughout  the  GaAs 
epilayer  growth.  When  the  temperature  of  the  GaAs  epilayer  was 
lowered  after  the  growth,  an  As-rich  c(4x4)  reconstruction  pattern  was 
observed.  Following  the  growth  of  the  GaAs  epilayer,  samples  were 
transferred  to  the  second  growth  chamber  for  the  nucleation  of  ZnSe. 

A  series  of  experiments  were  performed  in  the  ZnSe  growth 
chamber  wherein  the  GaAs  epilayer  surface  stoichiometry  was  altered 
prior  to  the  nucleation  of  ZnSe.  The  GaAs  epilayers  were  heated  to 
different  temperatures  to  reduce  the  surface  As  content,  resulting  in  two 

different  ZnSe/GaAs  interfaces.  When  the  GaAs  was  heated  to 

approximately  510°C,  a  (4x6)  surface  reconstruction  pattern  was 
observed.  In  some  cases  the  presence  of  this  reconstruction  resulted  in  a 
quasi  two-dimensional  (2D)  [4]  nucleation  of  ZnSe;  on  other  occasions  2D 
nucleation  has  been  observed  on  the  (4x6)  reconstructed  surface.  (Two- 
dimensional  nucleation  of  ZnSe  is  always  observed  [5,6,7]  on  an  As- 
stabilized  GaAs  surface.)  As  the  GaAs  epilayer  temperature  continued  to 
be  raised  above  the  temperature  where  the  (4x6)  pattern  was  observed, 
in  the  vicinity  of  550°C  the  reconstruction  again  changed.  Although  one 
might  expect  that  a  (4x2)  Ga-stabilized  pattern  would  be  seen  as  the 
temperature  was  increased  [8],  the  reconstruction  pattern  recorded 
following  the  (4x6)  was  a  (4x3),  sometimes  changing  to  (2x3).  (The 
occurrence  of  the  (4x3)  and  the  (2x3)  reconstructions  were  very  close 
together  in  temperature  and  time.)  The  (4x3  and  (2x3)  reconstructions, 
differing  from  conventionally  reported  GaAs  surface  reconstruction 
patterns,  may  have  resulted  from  the  "decoration"  [9]  of  the  heated  GaAs 
surface  by  high  vapor  pressure  species,  most  likely  Se.  (The  (4x3) 
reconstruction  has  recently  been  observed  by  Kobayashi  et  al  under 
similar  conditions!  10].)  Such  a  modification  of  the  GaAs  reconstruction 
pattern  seemed  not  unlikely  since  the  background  chamber  pressure 
increased  from  about  5xl0‘ll  to  5x10-9  Torr  as  the  GaAs  epilayers  (and 
contiguous  substrate  mounting  hardware)  were  heated  to  temperatures 
as  high  as  570OC. 

Following  the  growth  of  the  epitaxial  ZnSe/GaAs  heterojunctions, 
circular  capacitors  with  Al  metallization  were  fabricated.  All  of  the  data 
reported  here  were  taken  in  the  dark.  Figure  1  shows  the  room 
temperature,  1  MHz  C-V  characteristics  of  Al/ZnSe/p-GaAs  capacitors  for 
various  GaAs  surface  reconstructions.  For  comparison,  ideal  (neglecting 
the  effect  of  interface  states)  theoretical  C-V  curves  were  calculated 
corresponding  to  the  doping  densities  obtained  from  C-V  profiling  and 
the  ZnSe  thicknesses  measured  from  TEM  images.  In  all  cases  the  flat- 
band  voltages  of  the  theoretical  curves  were  shifted  to  facilitate 
comparison  with  the  experimental  data.  (The  variation  in  the  flat  band 
voltage,  caused  by  the  presence  of  fixed  charge  at  the  interfacial  region. 
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Vg  (volts) 


Figure  1:  Experimental  (solid  line)  and 

theoretical  (dashed  line)  C-V  characteristics  of 
the  as-grown  ZnSe/p-GaAs  heterojunctions  at 
room  temperature.  All  of  the  data  were  taken  at 
1  MHz  in  the  dark  with  a  sweep  rate  of  0.1 
V/sec.  The  GaAs  epilayer  surfaces  for  sample 
types  A,  B,  and  C,  respectively,  were  made 
increasingly  As  deficient  before  nucleation.  The 
discrepancy  between  the  experimental  and 
theoretical  curves  diminished  as  the  surface  As 
content  decreased.  Hole  accumulation  was 
achieved  only  in  the  type  C  samples.  All  samples 
showed  deep  depletion  at  large  positive  gate 
bias. 


did  not  affect  the  total  range  of  band  bending.)  As  shown  in  Fig.  1,  a 
sample  typical  of  the  (4x3)  reconstructed  surface,  as-grown,  exhibited  a 
clear  accumulation  ledge;  the  thickness  of  the  ZnSe  epilayer  calculated 
from  the  accumulation  capacitance  was  840  A,  a  value  which  agreed 
closely  with  the  TEM  measurement.  The  samples  formed  from  a  (4x6) 
reconstructed  surface  showed  a  tendency  to  form  a  hole  accumulation 
layer  before  current  started  to  flow  across  the  ZnSe  layers.  For  the  latter 
samples  some  interface  state-related  stretching  could  be  seen  clearly 
from  the  depletion  portion  of  the  C-V  curve,  with  the  C-V  characteristics 
of  such  samples  improving  to  nearly  ideal  following  the  same  thermal 
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annealing  procedure  as  described  above  [1].  Among  the  three  types  of 
samples,  those  involving  nucieation  on  an  As-stabilized  surface  exhibited 
the  most  pronounced  interface  state-induced  stretching  near  the  mid¬ 
gap,  while  those  for  which  ZnSe  was  nucleated  on  the  most  As-deficient 
surface  had  no  indication  of  such  stretching,  indicating  a  virtual 
elimination  of  interface  states  in  this  region  of  the  band  gap.  Because  of 
the  reduction  in  interface  states  obtained  for  the  As  deficient  samples, 
the  Fermi  level  was  free  to  move,  and  the  band  bending  spanned  the 
entire  GaAs  band  gap.  The  only  remaining  interface  states  were 
distributed  near  the  valence  band  edge.  The  C-V  characteristics  of  the 
optimally  grown  samples  were  virtually  independent  of  frequency  from 
1  kHz  to  4  MHz.  At  large  positive  voltages,  all  the  ZnSe/p-GaAs  samples 
tested  exhibited  deep  depletion  instead  of  electron  inversion,  suggesting 
the  existence  of  a  small  conduction  band  discontinuity  [1,2,11,12]. 

The  interface  state  density  distributions  were  measured  using 
Terman's  method  [13]  at  1  MHz.  The  parameters  used  for  calculating  the 
interface  state  density  were  the  same  as  those  used  in  generating  the 
theoretical  curves  of  Fig.l.  By  comparing  the  interface  state  densities 
near  the  mid-gap  for  the  series  of  samples,  a  clear  trend  was  seen 
showing  a  reduction  in  the  interface  slate  density  as  the  GaAs  epilayer 
surface  became  increasingly  As  deficient.  For  the  samples  formed  on  As- 
deficient  GaAs  the  integrated  interface  state  density  was  2.5x10’ ’  cm‘2. 

At  this  point  there  is  no  clear  model  to  explain  the  improvement 
in  interface  quality  reported  in  this  work.  One  possibility  is  that  a  degree 
of  As  deficiency  of  the  GaAs  surface  is  inherently  required  for  a  good 
electrical  interface  [14].  A  second  possibility  is  that  a  chemical  reaction 
occurs  between  the  As-deficient  GaAs  epilayer  and  the  H-Vl  elemental 
flux  [15,16].  An  example  of  such  a  reaction  would  be  the  formation  of  a 
111-Vl  compound  such  as  Ga2Se3.  Recent  TEM  studies  tend  to  indicate  the 
presence  of  1  or  2  monolayers  of  a  strained  interfacial  compound  at  the 
interface  [17].  In  the  structures  grown  on  As-rich  surfaces,  similar 
interfacial  layers  have  been  observed,  although  they  appeared  to  be 
ccnsiderably  less  distinct  compared  to  those  observed  in  the  samples 
grown  on  As-deficient  surfaces. 


CONCLUSIONS 

In  conclusion,  it  is  shown  that  the  interface  state  density  can  be 
reduced  by  orders  of  magnitude  when  an  appropriate  GaAs  epilayer 
surface  stoichiometry  is  chosen  for  the  subsequent  nucieation  of  a  ZnSe 
epilayer.  Although  the  specific  mechanism  of  the  interface  formation  is 
not  understood,  it  is  clear  that  the  interface  state  reduction  for  as-grown 
samples  is  important  for  the  fabrication  of  heterojunctions  involving  the 
ZnSe/GaAs  interface. 
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ABSTRACT 


A  series  of  pseudomorphic  ZnTe/AlSb/GaSb  epilayer/epilayer 
heterostructures,  aimed  at  the  realization  of  novel  wide  bandgap  light 
emitting  devices,  were  grown  by  molecular  beam  epitaxy.  The  low 
temperature  photoluminescence  (PL)  spectra  of  ZnTe  epilayers  showed 
dominant  near-band-edge  features  related  to  free,  and  shallow  impurity 
bound  excitons.  The  PL  could  be  seen  at  room  temperature.  Both  GaSb  and 
AlSb  were  doped  n-type  using  a  PbSe  source. 


INTRODUCTION 


Wide-gap  II-VI  semiconductors  provide  an  opportunity  to  realize 
optoelectronic  devices  operating  in  the  visible  portion  of  the  spectrum.  To 
achieve  this  objective,  experiments  are  under  way  to  examine  the  epitaxial 
growth  and  materials  properties  of  a  variety  of  layered  structures  which 
incorporate  both  II-VI  and  III-V  compounds  that  are  grown  on  suitable 
substrates.  One  heterojunction  that  might  be  suitable  for  carrier  injection 
and  wide-bandgap  light  emission  consists  of  p-ZnTe/n-AlSb  [1,2];  a 
structure  expected  to  have  a  favorable  band  line-up  for  carrier  injection 
[3].  In  this  paper  we  describe  epilayer/epilayer  ZnTe/AISb/GaSb 
heterostructures  grown  by  molecular  beam  epitaxy  (MBE)  on  GaSb 
substrates.  The  layer  thicknesses  were  kept  pseudomorphic  (or  nearly 
pseudomorphic)  in  order  to  minimize  interfacial  dislocations. 
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DISCUSSION  OF  EXPERIMENTS 


To  avoid  unintentional  doping  during  the  growth  of  the  Il-VI/III-V 
structures,  two  isolated  MBE  growth  chambers,  connected  by  an  ultra  high 
vacuum  (UHV)  transfer  tube,  were  used.  The  active  interface  was 
preserved  by  transferring  the  sample  between  growth  chambers  in  the 
UHV  transfer  module.  All  of  the  epilayers  for  this  study  were  grown  on 
GaSb  (001)  substrates.  The  substrates  were  given  an  initial  degrease 
followed  by  etching  in  HCl  [4].  ZnTe  was  grown  at  a  substrate  temperature 
of  320OC  using  elemental  sources,  and  flux  ratios  were  measured  by  means 
of  a  quartz  crystal  monitor  placed  at  the  substrate  position. 
Pseudomorphic  ZnTe  layers  were  nucleated  on  pseudomorphic  AlSb  layers; 
the  AlSb  in  turn  was  grown  on  homoepitaxial  GaSb  buffer  layers.  The 
substrate  temperature  was  550®C,  and  the  Sb4  to  Ga  and  Sb4  to  A1  flux 
ratios  were  approximately  2:1  during  the  growth  of  both  GaSb  and  AlSb 
undoped  epilayers  layers;  the  growth  rates  were  about  1  A/s.  The  RHEED 
patterns  of  the  GaSb  and  AlSb  surfaces  during  growth  showed  c(2x6)  and 
(1x3)  reconstructions,  respectively  (5,6]. 


The  evolution  of  the  RHEED  diffraction  pattern  during  the  nucleation 
of  ZnTe  on  an  MBE-grown  GaSb  epilayer  contrasts  the  behavior  observed 
during  nucleation  on  a  GaSb  substrate.  For  both  cases,  a  3-fold  surface 
reconstruction  is  observed  in  the  [110]  prior  to  nucleation  of  the  ZnTe.  For 
the  nucleation  on  the  substrate,  one  observes  a  spotty  RHEED  pattern 
indicative  of  three-dimensional  nucleation,  followed  first  by  elongation  of 
the  spots  into  streaks  after  about  1  minute,  then  by  the  appearance  of  a 
(2x1)  surface  reconstruction,  with  the  2-fold  pattern  observed  in  the  [110]. 
On  the  other  hand,  the  observation,  at  nucleation,  of  a  strongly  streaked 
RHEED  pattern,  and  the  early  presence  (after  about  15  seconds)  of 
diffraction  from  surface  reconstruction,  suggests  a  more  two-dimensional 
character  for  the  nucleation  of  ZnTe  on  GaSb  (or  AlSb)  epilayers.  The  two- 
dimensional  nucleation  i;  confirmed  by  the  observation  of  strong  RHEED 
intensity  oscillations.  The  oscillations,  which  are  characteristic  of  layer- 
by-layer  growth,  are  present  from  the  start  of  the  nucleation  of  ZnTe  on 
GaSb/AlSb  epilayers. 


Microstructural  quality  was  examined  using  TEM  and  x-ray 
diffraction.  TEM  images  revealed  a  range  of  strain  relaxation  in  various 
samples.  A  small  number  of  misfit  dislocations  were  observed  in  the  plan- 
view  specimen  of  a  sample  with  2200  A  thick  ZnTe  and  540  A  thick  AlSb 
layers.  These  misfit  dislocations  lie  predominantly  along  one  of  the  <110> 
directions,  appearing  as  scattered  groups,  each  consisting  of  several 
dislocations.  The  specific  interface  having  the  misfit  dislocations  could  not 
be  identified  by  the  observation  of  plan-view  specimens.  Cross-sectional 
images  did  not  show  any  misfit  dislocations  because  of  the  very  low 
density  of  misfit  dislocations  in  the  sample.  A  preliminary  estimation  of 
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the  average  spacing  of  misfit  dislocations  indicated  that  only  a  small 
percentage  of  the  strain  caused  by  the  lattice  mismatch  is  relaxed  by  misfit 
dislocations  in  this  sample.  No  misfit  dislocations  were  observed  in  the 
case  of  a  plan-view  specimen  of  a  sample  with  1380  A  thick  ZnTe  and  300 
A  thick  AlSb  layers,  implying  the  perfect  pseudomorphic  nature  of  this 
heterostructure.  Despite  the  presence  of  a  finite  (but  low)  density  of 
misfit  dislocations,  the  x-ray  rocking  curve  of  a  nearly  pseudomorphic 
sample  with  2200  A  of  ZnTe  shows  a  full  width  at  half  maximum  (FWHM) 
of  82  arc  sec,  close  to  the  theoretically  expected  broadening  due  to  the 
finite  layer  thickness  (74  arc  sec).  No  dislocations  or  stacking  faults  were 
found  in  the  examined  area  of  the  plan  view  specimen  (over  a  few 
thousand  square  microns.),  suggesting  that  the  defect  density  in  the 
epilayers  is  similar  to  that  of  the  GaSb  substrate. 


5000  5250  5500  5750  6000  6250 

Wavelength  (A) 


Fig.  1.  Room  temperature  photoluminescence  of  a  2  pm  ZnTe  epitaxial 
layer  on  a  GaSb  substrate.  The  luminescence  was  excited  with  a 
wavelength  of  4579  A  and  a  power  density  of  3  W/cm2. 
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Photolumiiiescence  (PL),  reflectance,  and  Raman  spectroscopies  are 
applied  to  study  the  optical  properties  of  the  heterostructures.  Intense, 
sharp  exciton-related  features  are  observed  in  photoluminescence  for  both 
thick  (strain-relaxed)  and  pseudomorphic  ZnTe  epilayers;  for  the  thick 
layers,  PL  is  found  to  persist  to  room  temperature  (Fig.l)  Dominant 
features  in  the  low  temperature  luminescence  corresponds  to  near 
bandedge  transitions,  and  only  weak  deep  level  features  are  observed. 
The  dominant  portion  of  the  low  temperature  PL  spectrum  shows  features 
which  can  be  associated  with  shallow  bound  excitons  (with  line  widths 
<lmeV)  c.t'  well  as  free-exciton  like  components  [7,8,9].  The  presence  of 
the  latter  -an  be  identified  through  their  spectral  position  which  overlaps 
the  pronounced  reflectance  excursions  commonly  encountered  at  the 
exciton  bandgap.  Transition  energies  for  the  free  exciton  of 
pseudomorphic  samples  are  split  shifted  by  lattice  strain  to  higher  values 
when  compared  to  thick  (~2|im)  ZnTe  epilayers.  Raman  spectra  show 
distinct,  sharp  contributions,  especially  from  optical  phonons  from  the 
various  portions  of  the  heterostructures. 


Good  optical  fingerprints,  in  both  photoluminescence  and  reflectance, 
are  also  obtained  from  the  CaSb  portions  of  our  structures.  (AlSb,  as  an 
indirect  gap  material,  has  weak  optical  resonances  at  the  Eo  edge.)  The 
reflectance  excursions  are  sharp,  consistent  with  the  good  interfacial 
quality.  (Comparable  traces  are  also  obtained  from  the  ZnTe/GaSb 
heterostruciures.) 


Se  doping  of  both  GaSb  and  AlSb  have  been  achieved  by  employing 
PbSe  as  a  dopant  source.  Contrary  to  previous  reports  1 10,1 1],  the  doping 
efficiency  of  Se  in  GaSb  can  be  similar  to  GaAs  using  a  Sb/Ga  flux  ratio  of 
unity  at  a  growth  temperature  of  450®C.  An  example  of  room  temperature 
carrier  concentration  and  electron  mobility  for  highly  doped  2pm  thick 
GaSb  epilayers  grown  on  GaAs  substrates  are  5.5x10' '^c  m -3  and 
1 500cm2/V-sec,  respectively.  The  Se  doping  of  AlSb  appears  to  present 
more  of  a  challenge,  although  n-type  levels  in  the  low  10'6cm-3  range  have 
been  obtained  in  our  laboratory.  Preliminary  experiments  involving  the  Se 
doping  of  AlSb  suggest  a  decreased  incorporation  efficiency  for  Se  when 
compared  to  results  for  GaSb  epilayers.  Evaluation  of  the  doping  behavior 
and  electrical  properties  for  ZnTe  epilayers  is  in  progress. 


SUMMARY 


In  summary,  the  potentially  important  pseudomorphic 
epilayer/epilayer  heterojunction  consisting  of  ZnTe  on  AlSb  has  been 
grown  for  the  first  time  by  MBE,  and  characterized  by  several  techniques. 
The  nucleation  characteristics  of  ZnTe  on  GaSb  substrates  and  epilayers 
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were  compared,  with  consistent  two-dimensional  nucleation  observed  in 
the  case  of  epilayers.  Microstructural  and  optical  evaluations  indicated  a 
high  structural  quality,  and  the  potential  for  developing  novel  light 
emitting  device  structures.  Preliminary  studies  support  the  feasibility  of 
Se  doping  of  GaSb  and  AlSb.  Future  efforts  will  be  directed  at  optimization 
of  the  electrical  properties  of  this  II-Vl/III-V  heterojunction. 
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ABSTRACT 

Interfaces  of  pseudomorphic  (IOO)ZnSe/GaAs  and  (100)CdTe/lnSb  heterostructures 
grown  by  molecular  beam  epitaxy  have  been  studied  by  transmission  electron 
microscopy.  High  resolution  electron  microscope  images  show  dark  bands  with 
thicknesses  of  one  or  two  monolayers  at  the  interfaces.  The  interfaces  appear  as  bright 
lines  in  dark  field  images  of  the  200  type  reflections,  while  they  become  dark  lines  in 
dark  field  images  of  the  400  type  reflections.  These  observations  arc  explained  by 
assuming  the  existence  of  interfaces  layers  of  lIGVIs  compounds  which  have  structural 
vacancies  in  the  sublattices  of  the  group  HI  atoms. 


1.  INTRODUCTION 

In  recent  years,  a  significant  progress  has  been  made  in  the  growth  of  Il-VT/III-V 
semiconductor  heterostructures  by  molecular  beam  epitaxy  (MBE)  and  nietalorgaiiic 
chemical  vapor  deposition  (MOCVD).  Heterostructures  having  hmh  struciura]  qualities 
arc  grown  by  utilizing  closely  lattice  matched  systems  such  as  ZnSo/GaAs,  CdTe/liiSb. 
and  ZiiTe/CiaSb.  The  growth  of  these  heterostructures  has  raised  a  possibility  of  the 
development  of  new  novel  electronic  devices.  In  addition,  the  possibility'  of  the 
development  of  light  emitting  devices  of  wide-gap  Il-VT  semiconductors  are 'jueseiiily 
being  explored  by  utilizing  these  heterostructures. 

The  realization  of  II-VT/III-V  semiconductor  heterojunction  devices,  however, 
requires  the  preparation  of  heteroepitaxial  interfaces  having  extremely  good  electronic 
properties.  For  achieving  this  goal,  important  results  have  been  obtained  in  a  recent 
study  by  Qian,  et  al.  [l].  This  study  has  demonstrated  the  feasibility  of  the 
preparation  of  ZnSe/GaAs  heterojunctions  whose  interface  state  densities  are 
comparable  to  those  of  Ga.As/(Al,  Ga)As  heterojunctions.  For  the  preparation  of  these 
licterojunctions,  the  growth  of  pseudomorphic  ZnSe  epilayers  on  GaAs  epilayers  and 
post-growth  annealing  were  employed.  In  a  more  recent  development,  as-grown 
heterostructures  having  interfaces  with  the  similar  quality  have  been  obtained  bv 
growing  ZnSe  on  As-deficient  GaAs  surfaces  without  the  need  for  the  post-growtli 
annealing  [2].  These  results,  which  have  shown  the  change  of  the  interface  electronic 
properties  by  the  post-growth  annealing  or  by  the  change  of  the  surface  stoichiometry 
of  GaAs  epilayers,  suggest  a  certain  form  of  modification  of  ZnSe/GaAs  interface  froin 
the  abrupt  one. 

Earlier  studies  of  ZnSo/GaAs  [3,4)  and  CdTe/In.Sb  [5]  heterostructures  have 
suggested  the  formation  of  stable  III2VI3  compounds  such  a.s  GaoSe.i  and  InoTea  at 
these  interfaces.  These  studies  have  utilized  spectroscopic  techniques  for  the  analysis  of 
the  interfaces;  to  date,  no  structural  study  of  these  heteroepitaxial  interfaces  has  been 
reported.  In  this  paper,  we  present  transmission  electron  microscope  (TE.M) 
observations  of  ZnSc/GaAs  and  CdTe/lnSb  heteroepitaxial  interfaces  which  directly 
show  the  existence  of  interface  layers.  The  analysis  of  dark  field  images  suggests  that 
the  interface  layers  have  structures  identical  to  those  of  GaaScj  and  InsTc.-). 
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2.  EXPERIMENTAL  PROCEDURE 

(100)ZnSe/GaAs  and  (100)CdTe/InSb  heterostructures  were  grown  by  using  a 
Perkin-Elmer  model  430  modular  MBE  system.  For  both  heterostructure  systems, 
III'V  semiconductor  epilayers  were  grown  first  on  Ill-V  semiconductor  substrates  and 
transferred  through  an  ultra  high  vacuum  (3x10''®  Torr)  tube  to  another  growth 
chamber  for  the  growth  of  II-Vl  semiconductor  epilayers.  Details  of  growth  procedures 
of  these  heterostructures  are  described  in  other  reports  [2,  6,  7].  Thicknesses  of  11-Vl 
semiconductor  epilayers  were  kept  smaller  than  the  critical  thicknesses  expected  from 
lattice  mismatch  between  the  II-VI  and  Ill-V  semiconductor  crystals.  Interfaces  of 
these  heterostructures,  therefore,  are  free  from  misfit  dislocations.  For  the  growth  of 
ZnSe/GaAs  heterostructures,  the  surfaces  of  GaAs  epilayers  were  varied  from  As-rich 
to  As-deficient  conditions  among  samples  by  heating  prior  to  the  deposition.  The 
following  three  ZnSe/GaAs  heterostructures  are  examined  in  the  present  study:  the 
sample  grown  on  the  As-rich  surface  which  exhibits  a  c(4x4)  reconstruction  structure, 
the  sample  grown  on  the  As-deficient  surface  which  exhibits  a  (4x3)  reconstruction 
structure,  and  the  sample  grown  on  the  surface  whose  As  coverage  is  intermediate 
between  the  above  two  and  exhibits  a  (4x6)  reconstruction  structure. 

For  the  TEM  observation,  (Oil)  and  (010)  cross-sectional  samples  were  prepared  by 
ion  thinning  at  low  temperatures.  Iodine  ions  were  used  at  the  final  thinning  stage  in 
order  to  reduce  damages  in  the  samples  (8).  A  JEM  2000  EX  electron  microscope 
equipfwd  with  an  ultra-high  resolution  objective  lens  pole  piece  was  used  at  an 
operating  voltage  of  200kV.  The  spherical  aberration  coefficient  of  the  pole  piece  is 
0.7mm  which  yields  a  point  resolution  of  2.0  A. 


3.  RESULTS  AND  DISCUSSION 

Two  ZnSe/GaAs  samples  grown  on  the  (4x6)  and  (4x3)  surfaces  show  TEM  images 
which  suggest  the  existence  of  an  interface  layer.  From  the  sample  grown  on  the 
c(4x4)  surface,  on  the  other  hand,  no  distinct  image  of  the  interface  layer  is  observed. 
In  the  following,  observations  of  the  sample  grown  on  the  (4x6)  surface  are  explained. 

Fig.  1  is  a  [010]  high  resolution  electron  microscopye  (HREM)  image  of  the 
ZnSe/Ga.^s  interface.  The  image  was  taken  at  a  defocusing  of  about  -600  A  with  an 
objective  lens  aperture  having  a  diameter  of  0.7  A'L  The  thickness  of  the  observed 
area  is  about  50  A.  In  the  image,  a  dark  band  with  a  width  of  about  two  monolayers 
is  seen  along  the  ZnSe/GaAs  interface.  This  dark  band  is  seen  along  the  interface  in 
all  observed  area  except  very  thin  parts  close  to  edges  of  the  sample.  Compared  to 
[010]  HREM  images,  Oil]  HREM  images  do  not  show  a  clear  dark  band  along  the 
interface,  which  may  be  attributed  to  the  dominance  of  (lll}-type  lattice  fringes  in 
the  lattice  images. 

Fig.  2(a)  is  a  dark  field  image  of  the  400  reflection.  The  image  was  taken  under 
the  exact  Bragg  condition  of  the  400  reflection  with  the  excitation  of  only  hOO  type 
reflections.  The  thickness  of  the  observed  area  is  about  400  which  was  estimated 
with  locations  of  thickness  contours.  In  the  image,  a  distinct  dark  line  is  seen  at  the 
ZnSe/GaAs  interface.  This  dark  line  appears  along  the  interface  in  all  parts  of 
observed  areas  except  those  crossed  by  dark  thickness  contours  where  the  interface 

appears  as  a  bright  line.  Similar  dark  lines  are  observed  in  400,  004,  and  004  dark 
field  images  taken  under  the  exact  Bragg  conditions.  Fig.  2(b)  is  a  dark  field  image  of 
the  200  reflection  which  is  taken  from  the  same  area.  Similarly  to  Fig.  2(a),  the  image 
was  taken  under  the  exact  Bragg  condition  of  the  200  reflection  with  the  excitation  of 
only  hOO  type  reflections.  In  this  image,  unlike  the  400  type  images,  the  ZnSe/Ga.\s 
interface  appears  as  a  bright  line.  The  bright  line  along  the  interface  is  seen  in  all 
observed  areas  from  edges  of  the  sample  to  thicker  parts.  Dark  field  images  of  002. 

002,  and  200  reflections  also  show  similar  bright  lines  under  the  exact  Bragg 
conditions. 
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As  described  earlier,  these  bright  and  dark  lines  are  observed  from  the  sample 
grown  on  the  (4x6)  and  (4x3)  surfaces,  but  the  sample  grown  on  the  c(4x4)  surface 
does  not  show  distinct  images  suggesting  the  existence  of  an  interface  layer.  In 
particular,  200  dark  field  images  reveal  a  clear  difference  among  these  samples  [9j. 
Distinct  bright  lines  are  observed  in  both  samples  grown  on  the  (4x6)  and  (4x3) 
surfaces,  the  latter  of  which  appears  to  have  a  more  continuous  bright  line  than  the 
former  one.  The  images  of  the  sample  grown  on  the  c(4x4)  surface  either  have  no 
bright  line  or  exhibit  a  very  weak  thin  bright  line.  The  difference  among  the  images 
of  these  samples  suggests  that  As-deficient  surfaces  may  be  more  preferable  for  the 
formation  of  the  intmace  layer  than  As-rich  surfaces. 

The  crystal  structure  factor  of  the  200  type  reflection  of  the  zincblende  structure  is 
given  by  a  difference  of  scattering  factors  of  atoms  occupying  two  different  face 
centered  cubic  (fee)  sublattices,  while  the  crystal  structure  factor  of  the  400  type 
reflection  is  given  by  an  addition  of  settering  factors  of  these  two  types  of  atoms. 
With  this  difference  of  crystal  structure  factors,  one  can  derive  the  following  model  of 
the  interface  layer.  Between  ZnSe  and  GaAs  crystals,  a  very  thin  layer  having  a 
zincblende  structure  exists  by  maintaining  coherent  interfaces.  One  of  the  fee 
sublattices  is  occupied  by  cations,  i.e.,  Zn  or  Ga,  and  the  other  by  anions,  i.e.,  Se  or 
As.  Unlike  the  GaAs  and  ZnSe  crystals,  one  of  the  fee  sublattices  in  the  thin  layer 
has  a  high  concentration  of  vacancies,  due  to  which  interplanar  spacing  of  the  layer  in 
the  [100]  direction  becomes  slightly  smaller  than  those  of  GaAs  and  ZnSe.  Because  of 
vacancies  in  one  of  the  fee  sublattices,  the  crystal  structure  factor  of  the  200  reflection 
of  the  thin  layer  becomes  much  greater  than  those  of  GaAs  and  ZnSe  which  are  very 
small  due  to  nearly  equal  values  of  scattering  factors  of  constituent  atoms.  The  thin 
layer,  therefore,  will  appear  with  a  bright  contrast  in  the  200  dark  field  images.  In  the 
400  dark  field  Images,  on  the  other  hand,  the  thin  layer  will  appear  as  a  dark  line  as  a 
result  of  the  smaller  crystal  structure  factor  than  those  of  ZnSe  and  GaAs. 

As  described  previously,  early  studies  [3,4]  has  suggested  the  formation  of  a  (Ga, 
Se)  compounds  at  the  ZnSe/GaAs  heteroepitaxial  interface.  One  of  the  stable  phases 
of  (Ga,  Sel  compounds,  named  Ga2Se3,  is  known  to  have  a  structure  identical  to  that 
suggested  oy  the  present  observations  [10].  It  has  a  zincblende  structure,  and  one 

third  of  Ga  sites  are  left  as  structural  vacancies.  As  a  result  of  these  structural 

vacancies,  the  lattice  parameters  of  GaoSes  is  about  5%  smaller  than  those  of  Ga.As 
and  ZnSe.  This  lattice  contraction  may  give  rise  to  a  shift  of  (202)  type  lattice  fringes 
at  the  interface  in  [010]  HREM  images.  The  shift,  however,  is  loo  small  to  be 
detected  unambiguously  in  HREM  images  such  as  the  images  shown  in  Fig.  1,  if  the 
thickness  of  the  layer  is  only  two  or  three  monolayers.  The  difference  of  the  interface 
images  among  three  samples  also  suggests  that  the  interface  layer  may  be  a  compound 
close  to  GaiSea;  As-deficient  surfaces  are  expected  to  be  preferable  for  the  formation  of 
GajSe.^  than  As-rich  surfaces. 

Based  on  the  model  of  a  thin  Ga^Ses  interface  layer,  intensities  of  200  and  400 
dark  field  images  are  calculated.  Fig.  3  schematically  illustrates  this  model.  The 
calculation  were  made  based  on  the  two  beam  dynamical  theory  with  the  column 
approximation.  Fig.  4(a)  and  (b)  are  calculated  intensity  profiles  of  400  and  200  dark 
field  images,  respectively.  The  thickness  of  the  crystal  is  400  A,  and  the  incident 

beam  is  set  at  the  exact  Bragg  condition  in  both  cases.  As  seen  in  figures,  the 

calculations  are  in  good  agreement  with  observed  images  despite  the  use  of  simple 
approximations 

Similarly  to  the  ZnSe/GaAs  interfaces,  HREM  images  and  dark  field  images  of  the 
CdTe/InSb  heterostructure  suggest  the  existence  of  an  interface  layer.  Fig.  ,5  is  a  [011] 
HREM  image  of  the  CdTe/InSb  interface.  Unlike  the  ZnSe/GaAs  interface,  a  distinct 
dark  band  is  observed  in  both  [Oil]  and  [010]  HREM  images  as  seen  in  this  image. 
Fig.  6(a)  and  (b)  are  dark  field  images  of  the  CdTe/InSb  interface  which  were  taken 
with  the  400  and  200  reflections,  respectively.  In  both  cases,  the  reflection  was  set  at 
the  exact  Bragg  condition  with  the  excitation  of  only  hOO  type  reflections.  The  200 
dark  field  image  shows  a  distinct  bright  line,  and  the  400  dark  field  image  exhibits  a 
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dark  line  at  the  interface,  similarly  to  the  images  of  the  ZnSe/GaAs  interfaces  The 
bright  and  dark  lines  in  this  case,  however,  are  more  distinct  than  those  observed  at 
the  ZnSe/GaAs  interface,  which,  along  with  the  observation  of  a  dark  band  in  [Oil] 
HREM  images,  suggests  the  formation  of  a  more  developed  interface  layer  in  the 
CdTe/InSb  heterosturcture;  the  interface  layer  may  be  more  continues  or  may  have  a 
greater  thickness  than  those  in  ZnSe/GaAs  heterostructures. 

As  explained  in  Introduction,  earlier  studies  have  suggested  the  formation  of 
InjTea  in  CdTe/InSb  heteroepitaxial  interfaces  [5].  Similarly  to  Ga2Se3,  102X03 
crystallizes  in  a  zincblende  structure  with  one  third  of  is  cation  sites  being  structural 
vacancies  [111  It  is,  therefore,  expected  that  an  103X03  layer  appears  as  a  bright  line 
in  200  dark  field  images  and  as  a  dark  line  in  400  dark  field  images.  The  existence  of 
InaXea  in  the  CdXe/InSb  interfaces  is  also  suggested  by  X-ray  diffraction  studies  of 
CdXe/InSb  multilayer  structures  [12].  The  shut  of  the  0-th  peaks  of  the  multilayer 
structures  due  to  the  lattice  contraction  of  102X03  are  obsvered  in  X-ray  diffraction 
patterns. 

The  results  of  the  present  study  suggest  that  III2VI3  compound  layers  form  at  the 
Il-VI/III-V  heteroepitaxial  interfaces  under  certain  growth  conditions.  One  can  also 
suggest  the  formation  of  interface  layers  of  these  compounds  with  thermodynamic  data, 
which  show  that  these  compounds  are  highly  stable  phases  despite  the  existence  of  a 
high  concentration  of  vacancies  in  their  structures.  For  example,  the  heat  of 
atomization  of  Ga2Se3,  which  corresponds  to  the  energy  required  to  break  all  chemical 
bonds  in  the  compound,  is  308  kcal  for  one  mole  at  298  K  [13,14],  This  value  is 
comparable  to  that  of  ZnSe  which  is  357  kcal  for  three  moles  [14].  Such  a  high 
stability  of  III2VI3  compounds  is  explained  by  the  matching  of  valences  of  constitute 
atoms  in  their  structures.  One  cannot,  therefore,  consider  the  present  model  of  the 
interface  layer  energetically  unstable  simply  because  of  the  existence  of  a  high 
concentration  of  vacancies.  It  is  also  important  to  point  out  that  the  systematic 
dependence  of  the  interface  contrast  on  the  reflections  used  for  dark  field  images  can  be 
explained  only  by  the  present  model  without  adding  any  artificai  modification. 
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Fig.  1.  [010]  HREM  image  of  the  ZnSe/GaAs  interface. 


Fig.  2.  Darkfield  images  of  the  ZnSe/GaAs  interface,  (a)  400  reflection,  and  (b)  200 
reflection. 
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Fig.  3.  Model  of  Hie  interface  layer.  Fig.  4  Calculated  intensity  profiles  of 

dark  field  images,  (a)  400  reflection, 
and  (b)  200  reflection. 


Fig.  6  Dark  field  images  of  the  CdTe/lnSb  interfaces,  (a)  400  reflection,  and  (b)  200 
reflection. 
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PROPERTIES  OF  CHLORINE-DOPED  ZINC  SELENIDE 
GROWN  BY  MOLECULAR  BEAM  EPITAXY 
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ABSTRACT 

ZnSeiCl  epilayers  have  been  grown  on  (100)  GaAs  by  MBE  using 
a  2n  to  Se  beam  flux  ratio  of  2:1  and  substrate  temperatures  as 
low  as  225°C.  The  ZnSe:Cl  epilayers  are  highly  conducting  and 
exhibit  bright  blue-violet  edge  luminescence  at  300  K.  A  mobility 
of  2480  cra^/V-s  at  40  K  was  measured  for  an  n-type  ZnSeiCl  film 
that  was  Cl-doped  to  -2.3x10*^  cm'^  and  for  which  a  compensation 
ratio  (Na/Nd)  of  -3%  was  calculated.  Carrier  concentrations  as 
large  as  6.7x10^®  cm”3  were  obtained  by  increasing  the  temperature 
of  the  MBE  oven  containing  the  Cl  dopant. 


INTRODOCTION 

ZnSe  is  a  wide  band  gap  II-vi  semiconductor  that  has 
attracted  considerable  attention  in  recent  years.  Its  room 
temperature  band  gap  of  -  2.7  eV  makes  it  an  attractive  candidate 
for  the  fabrication  of  blue  light  emitting  devices  [1,2). 
Although  p-type  doping  is  currently  the  major  obstacle  in  making 
such  devices,  efficient  activation  of  n-type  dopants  is  of  equal 
importance,  especially  if  semiconductor  lasers  are  to  be 
developed.  High  n-type  doping  is  also  required  for  other  related 
devices  such  as  optical  modulators,  transistor  amplifiers,  and 
diode  detectors  which  might  form  the  basis  of  a  new  blue-green 
optoelectronics  technology.  Recent  investigations  by  MBE  (3)  and 
MOVPE  [4]  have  shown  that  very  high  n-type  doping  levels  can  be 
achieved  in  ZnSe  films  using  group  VII  elements  as  dopants. 
However,  the  samples  reported  to  date  generally  exhibit  low  Hall 
mobilities  compared  to  n-type  ZnSe:Ga  doped  films  [2] .  In  spite 
of  this,  we  consider  the  group  VII  elements  as  the  most  promising 
n-type  dopants.  In  this  paper  we  report  the  successful  MBE  growth 
of  n-type  ZnSeiCl  films  at  low  temperatures.  The  films  exhibit 
excellent  electrical  and  optical  properties. 

II.  EXPERIMENTAL  DETAILS 

The  ZnSe:Cl  samples  were  grown  in  an  MBE  system  designed  and 
built  at  North  Carolina  State  University  (NCSU)  [5].  The  growth 
chamber  has  a  base  pressure  of  6x10"^^  torr  and  is  equipped  with 
seven  MBE  sources.  The  MBE  sources  feature  special  two- 
temperature-zone  furnaces,  designed  and  constructed  at  NCSU 
specifically  for  the  growth  of  II-vi  materials,  which  are  capable 
of  producing  highly  stable  beam  fluxes  (6).  High  purity  ( 6N 
grade)  Zn  and  Se  were  used  as  primary  source  materials,  and  ultra 
dry  ZnCl2  (5N  grade)  was  used  used  as  the  dopant  source.  To 
calibrate  the  molecular  beam  flux  density  from  each  of  the  primary 
MBE  ovens,  films  were  deposited  at  room  temperature  and  their 
thicknesses  were  measured.  The  beam  flux  was  calculated  assuming 
unity  sticking  coefficient  and  correlated  with  the  beam  equivalent 
pressure  (BEP)  measured  with  a  nude  ion  gauge  at  the  exact 
location  of  the  substrate  (5)  .  Both  the  Zn  and  Se  source  beams 
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were  calibrated  in  this  way  so  that  an  accurate  beam  flux  ratio 
(BFR)  could  be  obtained. 

Semi- insu lat ing  (100)  GaAs  wafers  were  used  as  substrates. 
Prior  to  MBE  film  growth,  the  oaAs  substrate  was  first  degreased 
in  standard  solvents  and  then  etched  in  an  H2SO4 : H2O2 : H2O  (6:1:1) 
solution  at  40‘’C  for  3  minutes.  The  substrate  was  preheated  to 
580°C  for  10  minutes  in  the  MBE  system  to  desorb  the  surface  oxide. 
A  2.5  pjn  thic)c  undoped  ZnSe  buffer  layer  was  first  grown.  Doping 
was  then  initiated  by  opening  the  shutter  of  the  ZnCl2  source. 

Electrical  characterization  of  the  epilayers  consisted  of 
standard  van  der  Pauw  Hall  effect  measurements  over  the 
temperature  range  20-300  K.  Ohmic  contacts  to  the  samples  were 
made  with  an  In-based  solder.  Photolurainescence  (PL)  was  excited 
using  the  360  nm  OV  output  from  an  Ar'*'  ion  laser  and  was  measured 
using  a  SPEX  1403  double  monochromator  equipped  with  a  GaAs 
photomultiplier  tube  and  computer-controlled  photon  counting 
electronics.  A  Janis  Super-Varitemp  cryostat  was  used  to  cool  the 
ZnSe.-Cl  films  to  liquid  helium  temperatures. 

RESULTS  AND  DISCOSSION 


It  is  essential  that  the  surface  stoichiometry  of  ZnSe  be 
maintained  during  MBE  film  growth  in  order  to  achieve  high  quality 
electrical  and  optical  properties.  The  growth  mechanisms  of  II-VI 
materials  have  been  studied  by  several  groups  [7,8).  In  a  recent 
study,  Zhu  et.  al.  showed  that  while  the  growth  rate  is  influenced 
by  the  Se  desorption  from  the  growing  surface  into  the  precursor 
states  when  the  Zn  to  Se  BFR  is  greater  than  1,  when  the  BFR  is 
equal  or  smaller  than  1  the  growth  rate  is  influenced  by  both  Zn 
and  Se  desorption.  Thus,  it  appears  that  it  may  be  easier  to 
control  the  surface  stoichiometry  by  using  a  Zn  to  .'e  BFR  of 
greater  than  1.  This  generally  requires  lower  growth 
temperatures . 

We  have  grown  ZnSe  films  at  low  temperatures  (225°C-300°C) 
with  Zn-to-Se  BFRs  ranging  from  0.5  to  2.  Under  Se-rich 
conditions  (BFR<1) ,  the  films  exhibit  poor  surface  morphologies 
and  broad  x-ray  rocking  curves.  In  contrast,  films  grown  under 
Zn-rich  conditions  exhibit  mirror-like  surfaces.  Double-crystal 
x-ray  rocking  curves  for  films  2-3  fim  thick  typically  exhibit 
FWHMs  of  -150  arc  sec. 

Cl-doped  ZnSe  films  grown  under  Zn  rich  conditions  exhibit 
high  conductivity.  Room  temperature  carrier  concentrations  ranging 
from  1.5x101^  cm~3  to  6.7x10^®  cm"®  have  be  reproducibly  obtained 
by  varying  the  ZnCl2  oven  temperature.  Fig.  1  shows  the  carrier 
concentration  for  heavily-doped  (C21)  and  lightly-doped  (C35) 
samples,  respectively.  The  former  exhibits  degenerate  doping 
characteristics  (constant  carrier  concentration)  versus 
temperature.  The  carrier  concentration  of  C35,  however,  is  clearly 
activated  over  the  temperature  range  from  20  to  300  K.  In  order 
to  determine  the  compensation  ratio  and  donor  ionization  energy, 
we  have  calculated  the  carrier  concentration  by  solving  the 
charge-neutrality  equation  which,  assuming  non-degenerate 
statistics,  can  be  written  as  (9] 


np  -(■  np  ) 

(  Nq  —  —  Oq  ) 


P  N,.  exp 
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where  Np  and  N*  are 
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respectively.  The  degeneracy  factor  P  is  taken  to  be  1/2. 
Nc  =  2  ( 2icmc*kT/h2 )  3/2  jg  density  of  states  of  the  conduction 

band.  The  effective  mass  for  the  conduction  band  m^*  is  taken  to  be 
0.17,  and  Ed  is  the  ionization  energy.  The  solid  curve  in  Fig.  1 
shows  the  best  fit,  which  is  obtained  with  Ed=16.5  mev,  Nd=2.3x1037 
cm“^,  and  Na=7.0x10^^  cm“3.  The  ionization  energy  obtained  is 
lower  than  the  value  of  26  meV  reported  from  optical  measurements 
(lOi.  In  addition,  below  60K,  C35  appears  to  have  an  even  smaller 
activation  energy.  Note,  however,  that  for  C35  the  Fermi  level  is 
about  27  meV  below  the  conduction  band  minimum  at  room  temperature 
and  that  the  compensation  ratio  is  only  3%.  The  low  compensation 
ratio  provides  clear  evidence  of  the  electrical  quality  of  this 
sample.  Therefore,  the  behavior  of  the  carrier  concentration 
below  60k  is  attributed  to  the  presence  of  an  unintentional  donor. 

Plots  of  Hall  mobility  versus  temperature  for  samples  C21  and 
C35  are  shown  in  Fig.  2.  The  mobility  of  the  heavily  doped  layer 
C21  is  -220  cm^/V-s  and  is  independent  of  temperature.  In 
contrast,  the  mobility  of  C35  increases  with  decreasing 
temperature  to  a  maximum  of  2480  cm^/v-s  at  40°C.  To  further 
analyze  these  data,  the  electron  mobility  of  C35  was  calculated  by 
numerically  solving  the  Boltzmann  equation  using  the  iteration 
method  [11,12]  .  Four  scattering  mechanisms  were  taken  into 
account  including  polar  mode  phonon  scattering,  acoustic  mode 
(deformation-potential  coupling),  acoustic  mode  (piezoelectric 
coupling),  and  ionized  impurity  scattering.  The  results  are  shown 
as  solid  curves  in  Fig.  2.  Curve  Uph  is  the  phonon-scattering- 
limited  electron  mobility,  while  Utot  is  obtained  when  impurity 
scattering  is  also  included.  The  impurity  concentration  Nimp  for 
the  mobility  calculation  was  taken  to  be  2NA+no  [13],  where  N*  is 
the  acceptor  concentration  and  no  is  the  equilibrium  electron 
concentration.  Both  no  and  were  obtained  from  the  carrier 
concentration  analysis  described  above.  Note  the  good  agreement 
between  the  theoretical  calculation  and  experimental  data  which 
supports  the  low  compensation  ratio  obtained  from  the  carrier 
concentration  analysis. 

Fig.  3  shows  the  5K  PL  spectrum  obtained  for  C35.  The  near¬ 
band-edge  (NBE)  luminescence  is  shown  in  the  inset.  The  NBE 
luminescence  consists  of  a  donor  bound  exciton  DBE  at  2.7960  eV, 
an  acceptor  bound  excitons  ABE  at  2.7911  eV  and  2.7825  eV.  The 
fact  that  the  free  exciton  lines  are  absent  but  the  DBE  line 
remains  narrow  (FWHM  -  6.2  mev)  has  the  important  implication  that 
the  Cl  atoms  are  successfully  incorporated  into  the  lattice.  The 
two  ABE  lines,  both  associated  with  neutral  acceptors,  are  usually 
absent  in  n-type  undoped  ZnSe  epi layers  grown  by  MBE  but  seem  to 
be  present  in  the  Cl-doped  samples  reported  by  Ohkawa  et  al .  (3). 

In  our  case  these  two  lines  are  well  resolved.  The  spectrum  of 
C35  also  exhibits  a  very  weak  emission  band  at  around  2.6  eV, 
whose  peak  intensity  is  about  200  times  lower  than  that  of  the 
dominant  peak.  The  deep  level  emission  around  2.2  eV  is  three 
orders  of  magnitude  lower  than  the  dominant  peak  and  could  hardly 
been  seen. 

Fig.  4  shows  the  room  temperature  PL  spectrum  for  C35.  The 
spectrum  is  dominated  by  a  strong  near-band-edge  (NBE)  emission 
centered  at  2.693  eV.  This  peak  energy  is  consistent  with  that 
reported  by  Ohkawa  et  al.  for  Cl-doped  ZnSe  who  attribute  the  PL 
to  donor  to  valence  band  recombination  (3)  .  The  room  temperature 
spectrum  also  exhibits  weak  deep  level  emission  centered  at  around 
2.1  eV.  The  peak-to-peak  ratio  between  the  NBE  and  deep  level 
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Fig.  3.  Photoluminescence  spectrum  of  MBE  ZnSeiCl  measured  at 
5K.  The  near-band-edge  spectrum  is  shown  in  the  inset. 
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Fig.  4.  Photoluminescence  spectrum  of  MBE  ZnSe:Cl  measured  at 
room  temperature. 
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emission  is  as  high  as  46,  which  is  comparable  Che  value  reported 
by  Yao  for  high  quality  undoped  samples  [14] .  Recently,  we  have 
obtained  PL  spectra  comparable  in  quality  to  those  shown  in  Figs. 

3  and  4  from  ZnSe:Cl  films  grown  by  MBE  at  temperatures  as  low  as 
225°C.  These  films  also  display  good  electrical  properties. 

SUMMARY 

High  quality  Cl-doped  ZnSe  films  have  been  grown  by  MBE  under 
Zn-rich  conditions  at  low  temperatures  (225‘’C)  .  The  epilayers 
exhibit  mirror-like  surface  morphologies,  good  x-ray  rocking 
curves,  low  compensation  ratios,  high  electron  mobilities,  and 
sharp,  bright  near-band-edge  photoluminescence  with  minimal  deep 
level  emissions.  Our  data  provide  further  evidence  that  Cl  is 
very  efficient  as  an  n-type  donor. 

The  authors  wish  to  thank  J.  Matthews  and  M.  Bennet  for  their 
assistance  in  substrate  preparation  and  PL  measurements, 
respectively.  This  work  was  supported  by  DARPA/URI  funds  under 
Purdue  University  subcontract  530-0'?16. 
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ABSTRACT 

We  have  investigated  excimer  laser  annnealing  of  Na  doped  ZnSe,  with 
emphasis  on  photoluminescence  (PL)  characterization  as  a  probe  of  resultant 
changes  in  materials  properties.  We  observed  a  relative  increase,  after 
annealing,  of  Na  on  substitutional  (acceptor)  sites  vs.  Na  on  interstitial 
(donor)  sites.  Another  result  was  the  occurrence  of  extensive  twinning: 
unfortunately  such  twinning  has  complicated  the  analysis  of  oth^r  changes. 


INTRODUCTION 

Laser  processing  has  developed  into  an  Important  technique  for  impurity 
incorporation  into  semi  conductors .  A  particularly  attractive  feature  of  this 
method  is  that  one  can  achieve  non-equilibrium  concentrations,  l.e.  one  can 
exceed  the  solubility  limit  [e.g.  1].  This  feature  is  of  particular  Interest 
for  wide-band-gap  semiconductors,  since  it  has  recently  been  shown  [2]  that 
equilibrium  solubilities  are  very  likely  to  be  quite  low  in  such  materials. 

A  material  of  considerable  Interest  for  opto-eleclrcnio  applications  is 
ZnSe,  and  it  ti.us  appears  fruitful  to  investigate  laser  processing  cf  this 
material.  There  is  of  course  an  immediate  question  in  use  of  suoh  laser 
processing;  can  one  obtain  a  temperature  high  enough  for  adequate  (probably 
non-equilibrium)  impurity  incorporation  with  little  or  nc  surface 
decomposition?  This  problem  would  be  expected  to  be  particularly  severe  in  a 
material  such  as  ZnSe,  which  has  a  high  vapor  pressure  [3].  It  is  well  known 
that  short  pulses  tend  to  minimize  decomposition  [A],  and  for  this  reason  we 
selected  excimer  lasers.  An  independent  study  by  Bokhonov  et  al .  [5],  on  not 
deliberately  doped  ZnSe,  also  used  such  xcimer  lasers,  and  studied  some 
changes  in  the  PL;  however,  it  gave  only  a  few  brief  results  on  the  PL  in 
the  exoiton  region,  and  a  few  comments  on  the  observation  of  extensive 
twinning.  In  the  present  work  we  studied  ZnSe(Na),  and  include  the  changes 
cf  PL  at  longer  wavelengths,  with  particular  focus  on  the  donor-acceptor 
pair  (DAP)  PL.  Both  DAP  and  exciton  spectra  can  be  very  useful  probes  of 
material  properties  (for  a  general  review  on  PL,  .-ee  for  ex.  [6]). 

The  present  study  focused  on  ZnSe(Na),  since  the  effect  on  the  PL  of 
this  dopant  has  been  well  established  both  for  the  bound  exciton  spectra  [7] 
and  the  DAP  bands  [8].  As  regards  these  DAP  bands.  It  has  been  shown  [8] 
that  Na  on  the  interstitial  site  (Na^)  gives  a  characteristic  high-energy 
shoulder  on  the  (more  usual)  DAP  peak  of  the  Group  III  substitutional  donors 
(where  Na  on  the  Zn  site  -  Na^^  -  is  the  acceptor  for  either  doner).  This 
thus  provides  a  "marker"  for  the  Na  site. 

For  convenience,  we  will  discuss  the  results  of  the  p  ;sent  study  in 
terms  of  three  classes  of  power  levels;  1)  "Low"  power,  whc.  e  there  is  no 
visible  change  in  the  surface  morphology.  2)  "Intermediate"  power,  with 
visibly  increased  twinning  and  observation  of  the  "Y"  band  (whlcn  occurs  at 
2.6  eV,  and  is  discussed  for  Instance  in  [9]  and  [10]).  I.i  this  intermediate 
range,  there  is  no  significant  change  in  the  spectral  shape  of  th-  DAP 
bands,  j)  "High"  power,  where  we  do  observe  a  change  in  the  shape  of  the  DAP 
bolds,  indicative  of  a  higher  proportion  of  Na^^  in  the  annealed  material. 
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The  other  changes  in  this  range  are  qualitatively  similar  tc  those  in  the 
intermediate  range,  although  often  stronger. 


EXPERIMENTAL 

The  samples  for  the  laser  annealing  consisted  of  wafers  cut  from  boules 
grown  by  the  vertical  zone  method  [11].  For  the  annealing,  a  Lambda  Physik 
EMC  102  MSC  excimer  laser  was  used  as  energy  source;  the  wavelength  was 
either  308nm  (XeCl)  or  2it8nm  (KrF) ,  and  the  duration  was  typically  about  16 
nsec.  Both  single  and  multiple  pulses  were  used.  The  annealing  was  carried 
out  in  a  chamber  filled  with  nitrogen  at  1  atmosphere. 

After  the  annealing,  the  surface  morphology  was  examined  with  an 
optical  microscope  and/or  a  scanning  electron  microscope.  The  samples  were 
then  etched  lightly,  using  a  boiling  KOH  solution  for  15  seconds.  The 
etching  was  done  to  improve  the  PL  Intensity  and  resolution  (which  we  have 
noted  empirically),  but  was  kept  light  sc  as  to  remove  only  a  minimal  amount 
of  the  annealed  layer.  The  PL  was  excited  by  the  UV  lines  (3638a  and  3551A) 
of  an  Ar  laser,  and  analyzed  with  a  0.85  m  Spex  double  moncohrcmator . 

The  results  reported  here  were  taken  primarily  on  wafers  from  two  Na 
doped  ZnSe  boules  (boule  A  and  B) .  To  check  that  the  dominant  impurity  was 
Na  -  Li  is  often  a  contaminant  in  Na  doped  ZnSe  (e.g.  [7])  -  we  examined  the 
low  temperature  (6K)  exolton  spectra  for  evidence  of  Li.  The  results  are 
shewn  in  Fig.  1.  Neither  boule  showed  the  Li  bound  exciten  peak  (which  is  at 
10.5  meV  below  the  free  exciten  edge,  e.g.  [7]),  indicating  little  or  no  Li. 
Boule  A  (Fig.  la)  has  doublet  peaks  at  9.1  and  9.9  meV  below  the  free 
exoiton  edge.  This  doublet  has  been  attributed  tc  an  Na^  -NSj  pair  [7].  In 
view  of  the  proximity  of  the  Li  exoiton  peak  at  10.5  raM  to  the  9.9  raeV 
peak,  it  was  checked  that  we  were  indeed  dealing  with  the  Na  structure;  this 
was  done  by  also  taking  data  at  a  lower  temperature  (1.6K),  and  confirming 
that  the  doublet  did  indeed  show  t  e  thermallzation  typical  of  Na  [7].  Boule 
B  (Fig.  1b)  showed  a  singlet  exoiton  at  about  7.8  meV  below  the  free  exoiton 
edge;  this  has  been  assigned  to  Na_  [7].  The  DAP  spectrum  of  boule  B  is 
shown  in  Fig.  2a.  A  dominant  zero-phonon  DAP  peak  close  tc  2.68  eV  is  shown; 
this  value  is  typical  for  Na^^  as  acceptor  with  group  III  metals  on  the  Zn 
site  as  donors  [e.g.  i.  ,.  In  addition,  there  is  a  high  energy  shoulder  on 
this  peak,  which  has  been  attributed  to  Na^^  with  Na^  as  donors  [8J. 
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Figure  1:  6K  exoiton  PL  spectra  of  Na  doped  ZnSe.  (a)  Boul»  A,  doublet  Na 
bound  exoiton  (Egj^»9.1  and  9.9);  (b)  Boule  B,  Na  exciton  with  Egjj=7.8. 
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Figure  2:  PL  spectra  (at  6K) 
of  boule  B. 

(a)  Before  laser  annealing; 

(b)  Laser  annealed  by  XeClj308 
nm  single  pulse,  110  MW/ cm  . 
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RESULTS  AND  DISCUSSION 

A  very  striking  result  of  our  excimer  laser  annealing,  with  similar 
results  also  reported  briefly  in  [5],  is  the  observation  of  extensive 
twinning  in  the  ZnSe  after  annealing  in  the  intermediate  and  high  power 
ranges.  A  typical  result  is  shown  in  Fig.  3a,  which  shows  such  an  annealed 
region  together  with  a  nan-annealed  one.  The  twinning  after  annealing,  with 
short  segments  having  orientations  changing  alternatively  (shown  enlarged  in 
Fig.  3b),  is  far  more  extensive  than  observed  prior  to  the  annealing  (where 
there  were  only  a  few  long,  parallel,  twin  lines).  It  seems  apparent  that 
the  increased  twinning  would  be  obtained  only  if  the  sample  is  heated  at 
least  to  the  phase  transition  temperature  [12]  (11425°  C,  see  [13]).  and 
might  require  melting.  Indeed,  Bokho.nov  et  al .  assumed  that  the  twinning 
indicated  melting,  stating  "in  the  regio.ns  which  melted  and  solidified  w^ 
found  ...  that  periodic  structures  were  formed".  In  our  own  work  [lA]  we 
have  concluded,  from  Auger  results  showing  diffusion  of  surface  oxide,  Jhat, 
at  least  at  the  higher  power  levels,  (conservatively,  from  „  16  MW/om  up) 
the  material  ^  melted;  from  these  same  Auger  results  we  also  conclude  that, 
at  this  power  level,  the  melted  layer  is  at  least  0.5  urn  thick.  As  to  the 


Figure  3:  SEM  results  on  the  surface  morphology  of  laser  annealed  ZnSe.  The 
upper  part  of  (a)  shows  a  .non-anneal ed  region,  the  lower  part  the  annealed 
one;  the  reoriented  twin  structure  in  the  lower  part  of  (a)  is  magnified  in 
(b).  The  unit  of  length  (the  white  segment)  is  100  pm. 
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question  of  surface  decomposition,  since  twinning  Is  so  very  typical  of 
ZnSe,  It  seems  unlikely  that  there  is  appreciable  excess  Zn  or  Se. 

A  summary  of  our  PL  results  is  given  in  Table  I.  Similar  changes  In  the 
exclton  lines  have  also  been  reported  by  Bokhonov  et  al .  [5];  In  this 
connection  we  wish  to  point  out  that,  based  on  Its  spectral  position,  their 
primary  line  (which  they  pCall  I^')  is  in  fact  the  line  which  is  more 
commonly  referred  to  as  Ij  [e.g.  15]-  Overall,  It  is  obvious  that  the 
laser  causes  various  changes.  Of  course,  the  matter  of  primary  interest  is 
the  basic  mechanlsm(s)  causing  these  changes.  Prior  to  discussing  this  in 
terms  of  the  various  laser  intensity  ranges  (below)  some  cautionary  notes 
are  in  order.  Thus,  PL  changes  can  of  course  be  due  to  changes  in  the 
properties  of  the  "bulk"  material,  but  alternatively,  the  surface  can  also 
be  playing  a  role.  Moreover,  internal  "interfaces"  in  the  bulk,  as  caused 
for  instance  by  twinning,  can  also  affect  properties.  In  terms  of  more 
microscopic  mechanisms,  there  can  for  instance  be  changes:  1)  Due  to  surface 
reflection.  2)  Due  to  the  formation  of  surface,  interface,  and/or  "bulk" 
defect  (including  dislocation)  states,  which  can  introduce  non-radiative 
and/or  new  radiative  paths;  as  an  example,  the  so-called  V  emission  band  [9] 
has  been  associated  with  dislocations.  3)  Due  to  internal  electric  fields; 
it  has  for  instance  been  suggested  [16]  that  fields  associated  with  surface 
depletion  regions  in  thin  films  can  give  PL  quenching,  particularly  of 
excitons;  since  it  has  been  established  [17]  that  twinning  can  also  give 
internal  fields,  such  a  mechanism  can  also  be  operative  in  twinned  material. 
In  view  of  these  problems  we  here  comment  only  briefly  on  most  of  our 
observations  (Table  I),  give  some  apparent  correlations,  and  give  an 
interpretation  primarily  for  the  result  of  main  interest  in  the  present 
work,  i.e.  changes  in  the  DAP  bands  under  high  laser  excitation.  We  now 
discuss  separately  the  results  in  each  of  the  excitation  ranges. 

In  the  low  excitation  range,  both  the  exciton  and  the  DAP  PL  intensity 
increases  (Table  I).  We  noted  no  new  peaks,  nor  any  changes  in  the  positions 
of  the  existing  peaks.  Since  there  was  no  detectable  change  in  the  surface 
morphology,  we  assume  there  was  no  gross  bulk  re-adJustment;  it  then  follows 
that  the  intensity  variations  are  due  either  to  ml.nor  surface  changes  or  due 
to  recombination-enhanced  defect  reactions.  Since  we  observed  no  changes  in 
the  peak  positions,  It  seems  unlikely  that  recombination-enhanced  defect 
reactions  (which  would  be  expected  to  introduce  new  defects)  were  playing  a 
role.  We  thus  assume  that  there  were  minor  surface  changes.  It  is  for 
instance  known  that  it  is  difficult  to  remove  surface  damage  by  chemical 
etching,  and  dry-etching  has  been  shown  to  improve  the  PL  [18];  mild  laser 
annealing  could  well  be  having  similar  effects. 


Table  I;  Changes  of  PL  spectra  in  three  different  power  ranges. 
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As  regards  the  medium  and  high  excitation  ranges,  all  spectral  changes, 
with  the  exception  of  that  In  the  DAP  bands,  were  qualitatively  similar.  We 
therefore  combine  the  discussion  of  these  two  ranges,  except  for  the  high 
range  results  on  these  DAP  bands  (given  below).  An  interesting  spectral 
change  was  in  the  exciton  region.  Both  our  boules,  as  grown,  had  both  Na  and 
®  ^  exciton  lines.  After  annealing  these  lines  disappeared  (Table  I)  in 
most  samples,  and  had  a  much  reduced  intensity  in  one.  The  only  remaining 
spectral  feature  was  a  relatively  broad  peak,  at  2.789  to  2.791  eV;  this 
peak  was  present  alsc  prior  to  annealing,  but  at  a  much  lower  intensity  than 
the  Na  exciton  lines  (Fig.  i).  This  same  peak  may  well  be  present  as  a  minor 
feature  in  various  published  spectra,  but  to  our  knowledge  it  has  not  been 
previously  commented  on;  here  we  did  not  study  its  origin,  and  we  ca.nnot  say 
whether  or  not  it  is  due  to  excitons.  As  to  the  disappearance  of  the  Na  and 
Ij  exciton  lines,  we  cannot  establish  the  cause,  with  any  certainty; 

however,  we  wish  to  point  out  that  internal  fields  in  the  twinned  regions 
[17]  would  tend  to  dissociate  excitons  [16].  In  terms  of  changes  at  lower 
energies,  we  noted  three  in  addition  to  that  of  the  DAP  bands  (see  below). 
First,  the  overall  PL  l.ntensity  decreased.  We  are  unable  to  establish 
whether  this  is  due  to  changes  in  bulk  or  surface  properties,  and/or 
twinning.  Second,  we  noted  the  appearance  of  the  Y  peak  (Fig.  2b)  subsequent 
to  the  annealing;  since  this  peak  has  been  associated  with  dislocations 
[9,10],  its  presence  is  certainly  consistent  with  the  observed  heavy 
twinning.  The  third  change  was  the  appearance  of  a  deep  luminescence  band, 
at  about  2.25  eV,  after  the  annealing.  A  band  at  this  energy  has  b||n 
attributed  [19]  to  Cu.  Both  of  the  boules  we  worked  with  showed  the  " 

exciton  line,  which  has  also  been  attributed  to  Cu  [15].  Thus  some  impurity 
and/or  defect  site  transfer  could  lead  to  the  formation  of  the  2.25  eV  band; 
unfortunately,  the  microscopic  centers  responsible  for  either  the  2.25  eV 
band  or  for  do  not  seem  to  have  been  established  yet  with  any 

certainty,  so  a  detailed  mechanism  for  the  present  observation  cannot  be 
suggested  at  this  time. 

A  feature  of  primary  interest  as  regards  the  present  work  is  that  of 
changes  in  the  DAP  peaks  observed  after  annealing  at  high  laser  powers.  The 
result  for  boule  B  is  shown  in  Fig.  2.  prior  to  annealing,  a  high  energy 
shoulder  on  the  main  (zero  phonon)  peak  can  be  clearly  distiguished;  we 
attribute  this  to  Naj  [8],  Subsequent  to  annealing,  this  shoulder  can  no 
longer  be  observed;  moreover,  the  main  peak  is  shifted  to  the  low  energy 
side.  One  sample  of  boule  A  was  annealed  under  comparable  conditions.  Prior 
to  the  annealing,  it  showed  a  strong  high  energy  shoulder.  Subsequently, 
there  was  no  such  definite  shoulder,  but  only  a  broad  peak;  unfortunately 
the  luminescence  intensity  was  quite  low,  so  it  was  not  possible  to  evaluate 
whether  or  not  this  peak  was  a  composite.  It  can  thus  be  seen  that  the 
proportion  of  Na^  was  reduced  in  boule  B,  and  probably  also  in  boule  A.  This 
relative  change  in  impurity  location  is  of  considerable  interest  for  future 
work,  although  it  remains  to  be  investigated  why  comparable  changes  are  not 
seen  at  lower  power  levels  (melting  -  based^on  the  Auger  results  [19]  -  was 
for  Instance  already  observed  at  16.5  MW/cm‘). 

As  a  general  further  comment,  it  can  be  noted  that  interpretation  of 
the  present  results  is  rendered  difficult  by  the  occurrence  of  the  heavy 
twinning.  It  would  thus  seem  worthwhile  to  check  into  means  of  reducing  such 
twinning.  One  suggestion  would  be  annealing  of  material  originally  without 
twins  (the  present  boules  did,  initially,  have  at  least  some  twinning); 
perhaps  the  heavy  twinning  is  "encouraged"  by  initial  twinning.  A  second 
possibility  might  be  use  of  an  encapsulating  layer. 


CONCLUSION 

We  have  shown  that  excimer  laser  annealing  of  ZnSe(Na)  can,  at  least  at 
high  power  levels,  lead  to  a  relative  Increase  in  substitutional  Na  vs. 
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interstitial 
[20]  on  the 
(amphoteric) 
addition,  to 
whether  such 
from  it. 


Na.  This  is  consistunt  with  prior  theoretical  predictions 
effect  of  fast  quenching  on  the  relative  location  of  the 
alkali  dopants  in  ZnSe.  However,  such  laser  ahnealing  leads,  in 
a  quite  complex  twinning  structure.  It  remains  to  be  determined 
twinning  can  be  eliminated,  and/or  what  detailed  effects  result 
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ABSTRACT 


Plasma-assisted  epitaxy  (PAE)  wrs  applied  to  the  growth  of  ZnSe  films 
on  (lOO)  GaAs  for  low  temperature  epitaxiaJ.  growth  in  hydrogen  plasma. 
High  purity  ZnSe  films  were  successfully  grown  by  the  control  of  hydrogen 
gas  flow  rate  and  VI/II  supply  ratio.  Hydrogen-chloride  gas  and  nitrogen 
gas  mixed  in  pure  hydrogen  gas  plasma  around  2%  respectively  resulted  in 
the  growth  of  highly  conductive  n-type  layers  (630Scm"^)  ard  nitrogen- 
acceptor  doped  layers  (N-acceptor  level-lOOmeV) ,  however,  the  control  of 
VI/II  supply  ratio  is  also  very  important  for  the  efficient  N-acceptor 
doping.  The  plasma  optical  emission  spectroscopy  indicated  that  Se-N  is 
composed  by  the  reaction  of  Nj-ion  with  SeH  (or  Se)  in  hydrogen  p.nd 
nitrogen  mixed  gas  plasma  with  Se  supply. 


INTRODUCTION 


ZnSe  has  recently  been  extensively  investigated  in  view  of  its  ap¬ 
plications  to  optoelectronic  devices  including  the  heterostructure  with 
GaAs,  It  has,  however,  been  recognized  that  the  growth  of  I I -VI  compound 
semiconductors  with  controlled  electronic  properties  is  much  more  difficult 
than  IV  and  III-V  materials  due  to  the  strong  self-compensation  effect  by 
native  defects  or  residual  impurities,  which  are  incorporated  particularly 
at  high  growth  temperatures.  Thus  non-thermal  equilibrium  growths  at  low 
temperatures  by  molecular  beam  epitaxy  (MBE)  (1),  metalorganic  chemical 
vapor  deposition  (MOCVD)  (2),  atomic  layer  epitaxy  (ALE)  (3)  and  so  on  have 
recently  been  attempted,  aiming  at  the  growth  of  purified  ZnSe  films  and 
efficient  doping. 

The  purpose  of  this  paper  is  to  describe  the  plasma-assisted  epitaxial 
grnw+v,  7r^Se  films  in  hydrogen  plasma,  in  order  to  extend  the  control¬ 
lability  of  their  electronic  property 

PAE  APPARATUS 

The  PAE  apparatus  developed  for  ZnSe  growth  is  shown  in  Pig.l. 
Elemental  Zn  and  Se  shots  were  evaporated  from  quartz  cells  by  resistive 
heating  and  supplied  through  gas  plasma  toward  (100)  OaAs  substrates 
Hydrogen  gas  (99-9999^  pure  gas  was  purified  by  palladium  diffuser),  some¬ 
times  mixed  with  HCl  gas  (99-95%  pure)  and  Up  gas  (99.9995%  pure)  for 
doping  was  introduced  into  the  chamber  and  was  excited  through  capacitive 
coupling  by  rf  power  at  13.56MHz,  The  substrate  holder  was  settled  paral¬ 
lel  to  the  applied  electric  field  to  avoid  the  possible  bombardment  of  high 
energy  ions  directly  accelerated  by  the  field.  Optical  emission  from 
plasma  was  detected  through  a  sapphire  window  at  the  bottom  of  the  chamber. 
The  detailed  growth  conditions  have  been  described  elsewhere  ( ) , 

UNDOPED  PA£-2nSe  GROWTH 


Typical  photoluminescent  (PL)  spectrum  of  nominally  undoped  PAE-ZnSe 
films  of  2,5Um  thickness  grown  at  ^20^C  in  hydrogen  plasma  is  shown  in 
Fig. 2,  wherp  the  strong  emission  due  to  fre^-exciton  (eJ^')  is  observpd  with 
wpak  depp  level  emissions.  It  is  then  concluded  that  the  PAE-undoped  ZnSe 
film:'  of  high  purity,  however,  it  is  to  be  noted  here  that  the  purity 
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of  the  ZnSe  films  is  very  sensitive  to  the  hydrogen  gas  flow  rate.  Pigs, 3 
(a)  and  (b)  respectively  show  the  overall  PL  spectra  and  the  exciton  emis¬ 
sions  for  the  ZnSe  films  grown  with  variable  hydrogen  gas  flow  rate.  As 
the  hydrogen  gas  flow  rate  is  increased,  the  exciton  emission  intensity  is 
increased,  the  intensity  of  donor-acceptor  (DA)  pair  emissions  due  to 
residual  impurities  is  drastically  decreased,  and  the  free-exciton  emission 
dominates  over  bound  exciton  emissions.  In  order  to  find  out  the  origin  of 
residual  donors  responsible  for  I2  emission  (  excitons  bound  to  neutral 
shallow  donors),  PAE-ZnSe  was  grown  on  (lOO)  Ge,  The  PL  spectra  shown  in 
Pig^U  indicates  that  the  same  I2  emission  dominates  in  this  ZnSe  on  Ge. 
Secondary-ion  mass  spectroscopy  shows  the  intermixing  width  at  the  inter¬ 
face  of  ZnSe/GaAs  is  very  small  and  also  detected  Cl  inside  the  ZnSe  films, 
it  is  then  concluded  that  the  residual  donor  is  not  Ga  diffused  from  GaAs 
substrate,  but  is  Cl  which  most  likely  comes  from  the  source  material. 
The  increase  of  hydrogen  gas  flow  rate  can  reduce  the  incorporation  of  Cl 


Fig. 3  Overall  (a)  and  near  bandedge  (b)  PL  spectra  of  nominally 
undoped  ZnSe  growth  with  variable  Hp  gas  flow  rate. 
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Fig,^  PL  spectra  near-bandedge  of 
undoped  ZnSe  growth  on  (lOO) 
GaAs  (a)  and  (lOO)  Ge  (b). 

Cl-DOPED  PAE-ZnSe  GROWTH 


Fig. 5  Electronic  properties  of  Cl- 
doped  ZnSe  as  a  function  of 
fractional  HCl  gas  content  in 


Highly-conductive  n-type  ZnSe  films  were  successfully  grown  by  PAE  in 
a  mixed  gas  plasma  of  hydrogen  and  hydrogen-chloride.  The  detailed  growth 
process  has  been  already  described  elsewhere  (5). 

The  conductivity,  electron  concentration  and  Hall  mobility  measured  by 
van  der  Pauw  method  for  layers  with  Ipm  thickness  are  shown  in  Fig. 5  as  a 
function  of  fractional  content  of  HCl  in  hydrogen  gas.  The  highest  con¬ 
ductivity  of  630Sc/rj“l  with  electron  concentration  2.8xl0^9cm"3  and  Hall 
mobility  lUOcm^/Vs,  was  obtained  with  about  2.2%  HCl  in  the  hydrogen.  It 
is  noted  here  that  excessive  doping  of  Cl  also  reduces  the  conductivity, 
probably  by  increasing  Cl-related  complex  defects  as  described  below. 

Fig. 6  shows  the  PL  spectra  of  Cl-doped  PAE-ZnSe  films  grown  in  the 
mixed  gas  plasma  with  various  content  of  HCl.  Donor-acceptor  (DA)  pair 
emission  shifts  to  shorter  wavelength  with  the  increase  of  HCl  gas  content 
due  to  the  *»verage  distance  between  Cl-donors  and  undefined 
acceptors,  ho..c\'er,  Liit?  sel»-act-.vetea  iCAj  CM.-oion  which  is  cauc'ed  by  the 
association  between  donors  and  Zn-vacancies  (6)  dominates  in  the  highly  Cl- 
doped  ZnSe  films.  It  is  concluded  that  SA  centres  are  increasingly 
produced  by  excessive  Cl  and  compensate  the  Cl-donors. 


FIP-..6  PL  spectra  of  lightly  (a)  and  heavily  Cl-doped  ZnKe. 
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N-DQPED  PAE-ZnSe  GROWTH 


PL  spectrum  of  N-doped  PAE-ZnSe  films  grown  in  H2+N2  mixed  plasma, 
shown  in  Fig. 7,  are  characterized  with  the  exciton  emission  bound  to 
neutral  N-acceptor  at  2.7917aV  (7)  and  DA  pair  emission  related  with  N- 
acceptor  at  2.700aV  (8).  The  N-acceptor  level  was  estimated  from  the 
band-acceptor  (BA)  emission  to  be  at  109meV  above  valence  band  maximiim,  in 
close  agreement  with  that  obtained  by  Stutius  (9),  but  87meV  from  the  tem¬ 
perature  dependence  of  the  BA  emission  intensity.  This  difference  of  two 
energies  can  be  explained  by  large  lattice  relaxation  at  N-acceptor  centres 
(10), 

The  doping  of  nitrogen  as  an  acceptor  is  very  difficult  by  using  N2 
gas  due  to  insufficient  chemical  reactivity  of  N2,  as  shown  in  the  growth 
by  MBE  (11).  Fig. 8  shows  the  advantage  of  efficient  doping  by  PAE. 
Fig. 8(a)  shows  the  near-bandedge  PL  spectra  for  films  grown  in  mixed  H2+N2, 
non-excited  gas  flow  and  Fig. 8(b)  shows  the  spectra  for  films  grown  in 
H2+N2  mixed  gas  plasma  excited  by  lOW  rf  power.  The  DA  pair  emission  re¬ 
lated  with  N-acceptors  can  be  observed  in  the  latter  films.  These  results 
conclude  that  the  reactive  species  excited  in  the  mixed  gas  plasma  are  use¬ 
ful  to  dope  nitrogen  acceptors  into  ZnSe  films. 

Optical  emission  spectroscopy  indicated  that  the  intensity  ratio  of 
Np  to  N2  emissions  in  H2+N2  mixed  gas  plasma  is  greater  than  the  ratio  in 
pure  Np  plasma.  It  is  then  suggested  that  the  ionization  of  N2  is  en¬ 
hanced  by  collisional  reaction  or  Penning  effect  between  excited  hydrogen 
atoms  or  molecules  and  neutral  nitrogen  molecules.  The  emission  intensity 
of  ^2  ions  was  not  reduced  with  Zn  supply  into  the  H2'*'N2  plasma 
(Fig.9(a)),  but  it  was  decreased  with  Se  supply  and  a  new  emission  of  SeN 
compound  was  detected  (Fig,9(b)).  It  should  be  concluded  that  SeN 
produced  by  the  following  reaction  is  responsible  for  nitrogen  doping. 

2  SeH  (or  SeH2)  +  Nj  ^  2  SeN  +  Hg  (or  Hg  *  hJ) 


Fig. 7 

Typical  PL  spectrum  of  N-doped 
PAE-ZnSe  grown  in  H2'*'N2  mixed 
plasma. 


Fig. 8 

Near-bandedge  PL  spectra  of 
Znoe  grown  in  non-excited 
H2+N2  mixed  gas  flow  (a)  and 
H2+N2  mixed  gas  plasma. 
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The  N-acceptor  doping  into  ZnSe  films  is  also  influenced  by  growth 
conditions  such  as  Se/Zn  supply  ratio,  N2  gas  content  in  H2  gas,  applied  rf 
power  to  excite  the  plasma  and  so  on.  Especially,  the  supply  ratio  of 
Se/Zn  must  be  controlled  for  the  efficient  doping  as  shown  in  Fig, 10. 
Figs. 10  (a)  and  (b)  respectively  show  the  intensity  and  half-width  of  DA 
pair  emission  in  N-doped  PAE-ZnSe  films  as  a  function  of  Se/2n  supply 
ratio.  The  growth  rate  doesnH  change  in  this  region,  where  the  Se/Zn 
supply  ratio  is  above  1  (10),  because  the  growth  rate  is  limited  by  the 
supply  rate  of  Zn,  as  in  MBE  growth  of  ZnSe  films  (l).  In  spite  of  the 
growth  rate  saturation,  the  maximum  intensity  of  DA  pair  emission  is  ob¬ 
tained  at  a  much  larger  supply  ratio  around  10.  We  speculate  that  this 
result  comes  from  two  competing  effects  as  a  function  of  supply  ratio:  one 
is  the  reduced  association  between  nitrogen  and  Se-vacancies  or  intersti¬ 
tial  Zn,  and  the  other  is  the  reduction  of  incorporated  nitrogen.  The 
best  conditions,  indicated  so  far  by  PL  measurement,  are  about  lOW  rf  power 
to  excite  the  plasma  with  about  2xlo9cro'‘^  electron  density  and  2.5xlO^K 
electron  temperature,  Np  gas  content  around  in  H2  gas  and  the  supply 
ratio  around  10.  The  conductivity  type  of  the  films  have  not  been  deter¬ 
mined  because  of  the  resistivity  higher  than 


Wavelength  Inm) 


Fig„9  Plasma  optical  emission 

spectra  of  H2+N2  plasma 

with  Zn  supply  (a),  with  Se 
supply  (b)  and  without  source 
supply. 


Pig. 10  PL  intensity  (a)  and  half- 
width  (b)  of  DA  pair  r.  on 
of  N-doped  Zn^^e  as  a  fut.  vion 
of  5o/Zfi  supply. 
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CONCLUSIONS 


ZnSe  films  on  GaAs  substrates  were  grown  in  H2»  H2+HCI  and  Ho+iJ2 
plasma  by  plasma-assisted  epitaxy  for  the  growth  of  high  purity,  highly 
conductive  and  efficient  nitrogen-acceptor  doped  ZnSe  films,  respectively. 
The  undoped  ZnSe  films  grown  in  controlled  hydrogen  gas  flow  rate  and  VI/II 
supply  ratio  have  good  photoluminescent  properties  with  strong  free-exciton 
emissions  and  weak  deep-level  emissions.  The  residual  donor-impurities  in 
undoped  ZnSe  films  did  not  come  from  intermixing  at  ZnSe/GaAs  heterointer¬ 
face  but  most  likely  from  the  sources.  The  conductivity  of  Cl-doped  ZnSe 
films  was  raised  up-to  630Scm-l  with  S.SxlO^’^cm”^  electron  concentration 
and  liiOcm^/Vs  Hall  mobility,  however,  the  excess  Cl-doping  causes  the 
reduction  of  conductivity  by  the  increase  of  the  density  of  self-activate 
centres.  The  N-acceptor  could  be  efficiently  doped  into  ZnSe  films  by 
using  of  H2+N2  mixed  gas  plasma.  SeN  composed  in  the  H2'*'N2  mixed  gas 
plasma  was  detected  by  plasma  optical  emission  spectroscopy.  The  supply 
ratio  of  Se/Zn  should  be  kept  around  10  for  the  efficient  N-doping. 
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ABSTRACT 

In  this  paper  we  describe  the  use  of  an  electrochemical  sulphur  cell  to  grow  ZnS.Se,.,  alloys 
on  GaAs  substrates.  The  cell  uses  the  ionic  transport  of  Ag  ions  in  AgjS  to  produce  a  sulphur  flux 
which  depends  on  the  applied  voltage.  The  advantages  and  disadvantages  of  this  type  of  source 
will  be  discussed.  We  also  describe  the  versatility  of  the  cell  for  fabricating  ZnS,Se,./ZnSySe,., 
multilayers  as  well  as  more  complex  profiles. 


I  INTRODUCTION 

The  growth  of  hetero-epitaxial  ZnSe  on  GaAs  substrates  by  Molecular  Beam  Epitaxy  (MBE) 
using  solid  sources  is  a  well  established  process  [1,2],  however,  the  difficulties  involved  with  the 
addition  of  sulphur  to  produce  ZnS,Se,.,  alloys  has  resulted  in  few  detailed  studies  of  this  alloy 
system.  Sulphur  itself  is  usually  considered  unsuitable  as  a  source  material  despite  recent  work 
by  Kitagawa  et  al  [3]  as  the  vapour  pressure  is  far  too  high  for  it  to  be  used  in  conventional  Knudsen 
cells.  This  has  resulted  in  a  number  of  different  approaches  to  the  problem  of  sulphur  incorporation, 
generally  involving  some  form  of  sulphur  containing  compound.  For  example,  Matsumura  et  al. 
[4]  have  used  ZnS  as  the  sulphur  source  to  grow  a  range  of  alloy  compositions  while  the  Philips 
group  [5]  have  also  used  non-elemental  solid  sources  in  the  fotm  of  ZnS,Se,.,  (x  =  0.5) 
polycrystalline  charges  to  fabricate  strained  layer  superlattices.  Both  these  methods  have  the 
disadvantage  that  the  (Se  +  S)/Zn  flux  ratio  cannot  be  changed  to  optimize  the  material  properties 
and  the  use  of  alloy  charges  also  results  in  higher  impurity  levels  in  the  epitaxial  layers  introduced 
during  the  production  of  the  source  material.  In  gas  source  MBE  sulphur  can  be  introduced  into 
a  vacuum  system  by  using  compounds  such  as  diethylsulphide  (DES)  [6]  and,  although  this 
technique  results  in  the  pr^uction  of  good  quality  material,  in  general,  the  growth  systems  use 
all  gaseous  sources.  Sulphur  can  also  be  produced  from  a  solid  state  electrochemical  cell,  which 
is  totally  compatable  with  conventional  Knudsen  sources.  The  use  of  this  type  of  cell  to  produce 
fluxes  of  sulphur  molecules  S,  (x  =  2  ..  8)  is  well  documented  [7].  Here  we  describe  the  use  of 
such  a  cell  to  grow  ZnS.Sei.,  layers  with  x<0.2  and  discuss  its  use  in  the  production  of  mote 
complex  structures. 


2  ELECTROCHEMICAL  SULPHUR  CELL. 

Figure  1 .  shows  a  schematic  diagram  of  the  galvanic  cell  Ag/Agl/AgjS/Pt,  used  in  this  work 
to  generate  sulphur  molecules.  When  heated  to  above  200’C  to  ensure  sufficient  ionic  mobility, 
application  of  an  EMF  to  the  cell  results  in  the  production  of  sulphur  at  the  positive  platinum 
electrode  by  the  half-cell  reaction: 


xS^'  =  S,  +  2xe-  (x=2..S)  (1) 

Equilibrium  between  the  various  sulphur  species  S,  has  been  shown  [6]  to  be  described  by  equation 
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where  plJT)  is  the  pressure  of  S,  at  a  cell  temperature  T  over  elemental  sulphur  and  PsjLT)  is  the 

pressure  within  the  cell,  generated  by  the  application  of  EMF,  E,  to  the  cell.  Application  to  the 
cell  of  a  voltage  E*  results  in  the  production  of  elemental  sulphur  at  the  posidye  electrode.  In  this 
work  T  in  the  range  300  -  350’C  was  used  and  the  corresponding  value  of  E*  is  -245mV  [7]. 


CERAMIC  HEATERS 


Fig.  1  Schematic  diagram  of  the  Electrochemical  cell. 


Figure  2  shows  the  pressures  of  the  various  sulphur  species  obtained  at  300‘C  as  a  function 
of  cell  voltage  and,  although  the  predominant  equilibrium  species  is  Sj  (>9S%  total  flux)  for 
applied  cell  voltages  E  <  200  mV,  above  this  voltage  the  proportion  of  higher  molecular  weight 
sp^es  rapidly  increases.  During  growth  it  is  to  be  expected  that  the  smAer  sulphur  polymers 
will  incorporate  more  efficiently  as  there  are  fewer  kinetic  barriers  to  overcome  and  thus  we  have 
used  E  S  200m V. 


-►  E(mVl 

Fig.  2  Partial  pressures  of  the  S,  molecules  as  a  function  of  the  EMF,  E  at  300*C. 
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Electrochemical  sulphur  cells  have  been  used  as  dopant  sources  for  III-V  materials  and  their 
potential  advantages  have  been  summarized  elsewhere  [8,9].  For  our  purposes,  the  main  advantage 
is  the  ability  to  control  accurately  the  cell  flux  by  means  of  the  applied  voltage,  thereby  allowing 
complicated  profiles  to  be  easily  constructed.  An  example  of  this  is  that  the  flux  from  the  cell  is 
not  limited  to  only  two  values  (on  and  ofi)  as  is  a  Knudsen  ceil.  This  metms  that  superlattices  of 
the  type  ZnS,Se,.,^S,Sei.,  with  can  be  grown,  including,  for  example,  strain-symmetrized 

superlattices.  While  in  theory  it  is  possible  to  produce  these  structures  using  a  Knudsen  cell,  the 
long  thermal  time  constants  involved  in  changing  the  cell  flux  and  allowing  it  to  stabilize  prohibit 
the  growth  of  any  but  the  simplest  structures. 

Another  ty^  of  flux  profile  which  can  be  produced  is  a  ramp.  This  is  easily  produced  by 
changing  the  ceU  voltage  with  time  and  enables  continuously  graded  buffer  layers  and  wells  and/or 
barriers  of  varying  composition  to  be  produced. 

Two  key  conditions  which  must  be  met  for  the  growth  of  any  structures  such  as  those 
describeu  above  are  firstly  that  the  response  of  the  ceil  to  any  change  in  the  applied  cell  voltage 
is  fast  and  secondly  that  the  maximum  flux  obtainable  be  sufficient  to  allow  layers  with  sulphur 
content  20-30%  to  be  grown. 

In  the  case  of  low  sulphur  fluxes  used  in  doping  m-V  semiconductors,  it  has  been  shown 
[8]  that  the  time  constant  of  the  ceii  for  changes  in  the  flux  of  xl(X)  is  less  than  Is.  We  have  found 
that  for  the  much  larger  fluxes  used  in  this  work  the  appropriate  dme  constant  for  a  similar  xlOO 
change  in  flux  is  of  order  10s.  While  larger  than  the  time  for  the  growth  of  one  monolayer,  this 
is  stiU  an  improvement  of  one  order  of  magnitude  over  the  time  constant  for  a  Knudsen  cell  and 
should  not  present  a  great  problem  for  the  growth  of  structures  described  above.  The  longer  time 
constant  associated  with  high  fluxes  is  most  probably  a  result  of  the  change  in  stoichiometry  of 
the  AgjS  which  occurs  on  applying  a  voltage.  This  involves  a  large  movement  of  Ag  ions  to  or 
from  the  silver  sulphide  layer  and  is  therefore  determined  by  the  maximum  current  obtainable 
from  the  voltage  source. 

The  other  key  issue,  that  of  the  maximum  amount  of  sulphur  obtainable  from  the  cell,  is 
addressed  in  the  following  sections. 


3  EXPERIMENTAL 

ZnSe  and  ZnS.Se,.,  layers  were  grown  in  a  VG  Semicon  MB288  kit  with  conventional  Zn 
and  Se  K-cells  and  sulphur  produced  from  a  solid  state  sulphur  electrochemical  cell  manufactured 
by  VG  Semicon.  Source  materials  were  Se  (Osaka  Asahi,  6N  super  grade),  Zn  (Johnson  Matthey 
6N)  and  AgjS  (Johnson  Matthey,  Puratronic  grade,  5N). 

GaAs  wafers  were  degreased  and  etched  in  15:2:2  H2S04:H202:H20  before  mounting  with 
indium  on  a  sample  holder  and  introducing  into  the  chamter.  Following  degassing,  the  samples 
were  heated  untii  a  reconstructed  RHEED  pattern  was  observed,  and  then  allowed  to  cool  to  an 
indicated  growth  temperature  of  330'C.  No  attempt  was  made  to  improve  the  surface  morphology 
before  growth  by  treatment  with  arsenic  [10,11]. 

The  photoluminescence  (PL)  measurements  were  made  using  UV  argon  ion  laser  excitation 
(350nm)  at  approximately  2Wcm'^  and  recording  the  spectrum  at  4.2K  with  a  double  Spex 
monochromator  and  photon  counting. 

All  the  layers  discussed  in  this  paper  are  around  500A  in  thickness  as  measured  by  calibrated 
source  flux  rates.  Importantly,  this  ensures  that  all  layers  are  well  below  the  critical  thickness  for 
the  generation  cf  misfit  dislocations  (»16(X)A  for  ZnSe  on  GaAs). 


4  RESULTS 

Initially  a  series  of  pseudomorphic  ZnSe  layers,  were  grown  to  optimize  the  growth 
conditions,  llie  growth  rate  was  O.Spnilu'  and  a  typical  photoluminescence  spectrum  is  shown  in 
figure  3  whe'  ■  the  exciton  luminescence  is  dominated  by  the  (c'  -  hh)  free  exciton  with  a  FWHM 
of  2.3meV.  We  ascribe  the  feature  at  higher  energy  to  the  (e'  -  /h)  exciton  following  Matsumura 
et  al  [12]  while  the  emission  at  2.800eV  corresponds  to  a  donor  bound  exciton  recombination. 
No  dMp  luminescence  bands  were  observed  for  the  high  quality  samples  and,  in  fact,  the 
luminescence  is  comparable  to  that  reported  for  ZnSe  grown  on  MBE  GaAs  buffer  layers  [10]. 
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Fig.  3.  Photoluminescence  of  ZnSe  epilayer  on  GaAs. 


The  initial  series  of  ZnS,Se,.,  layers  were  grown  with  an  unmodified  VG  Semicon 
electrochemical  sulphur  cell,  design^  for  doping,  however  under  typical  o|»rating  conditions 
(Tceu  =  350‘C,  E  =  200m V)  the  Sj  flux  was  insufficient  to  grow  alloy  material  with  x  S  0.005. 
However,  minor  modifications  to  the  cell  increased  the  flux  by  a  factor  of  lOx  allowing  a  greatly 
increased  sulphur  incorporation  to  be  achieved.  For  the  maximum  sulphur  content  of  the  order  of 
X = 0.2  it  was  necessary  to  reduce  the  growth  rate  to  O.OSjim/hr  which  is  on  the  limit  of  practicability 
for  the  fabrication  of  multilayer  structures  with  this  composition  for  barrier  layers. 

The  exciton  luminescence  was  also  used  to  determine  the  composition  of  the  ternary  layers. 
The  advantage  of  using  pseudomoiphic  layers  for  this  type  of  measurement  is  two-fold.  Firstly, 
the  lattice  strain  is  well  defined  and  secondly  the  thermal  strain  is  zero.  Also,  there  are  now  two 
self  consistent  checks  on  the  strain  value,  namely  the  light  and  heavy  hole  and  their  splitting.  The 
standard  expressions  for  biaxial  strain  were  used  [13]  where  the  electron  heavy  (light  hole)  band 
gap  shifts  by  an  ammount  AE,  (AEj)  and 


A£,  =£„  +  £y  A£2  =  £„-£o  (3) 

Eh  and  Eu  are  the  hydrostatic  and  uniaxial  components  of  the  strain  respectively  and  are  given  by 


where  e,  the  uniaxial  strain  is  given  by 


f  =  = 


(5) 


where  ai^„  is  the  unstrained  lattice  parameter  of  the  epilayer  and  a„*  that  of  the  substrate.  The 
elastic  constants,  C„,  deformation  potentials  a,b,  lattice  parameter,d,  and  unstrained  band  gap,  E, 
were  all  assumed  to  vary  linearly  with  composition.  These  parameter  values  are  given  in  table  1 . 
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Table  1:  Elastic  constants  C,„  Cu,  lattice  parameten  d, 
defonnation  potentials  a.b  (tram  [M])  and  the  unstrained 
electronic  bard  gap  at  4K,  E,  values  used  to  calculate 
compositional  dependence  of  the  ZnSSe  pseudomorphic  band 
gaps. 


ZnSe 

ZnS 

GaAs 

C„ 

xlO^kam’^ 

8.26 

10.67 

Cu 

xlO’kgm^ 

4.98 

6.66 

d 

A 

5.6686 

5.4093 

5.6533 

a 

eV 

-5.4 

-4.56 

b 

eV 

-1.2 

-0.75 

eV 

2.823 

3.84 

Figure  4a  shows  PL  of  a  ZnS,Se,.,  layer  with  x  =  0.02.  It  is  typical  for  samples  with  the 
layer  under  compression  where  the  main  feature  is  the  donor  bound  exciton  Ij  with  a  high  energy 
shoulder  due  to  die  (e  -  hh)  free  exciton.  Another  emission  occurs  at  62±2meV  lower  energy  than 
the  I2  peak  and  displays  two  or  more  LO  phonon  replicas  which  is  characteristic  of  shallow  donor 
-  acceptor  pair  transitions.  This  emission  does  not  appear  in  any  of  the  ZnSe  layers,  and  so  far  is 
not  identified. 
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Fig.  4.  Photolumincsccnce  of  ZnS,Se,.,  on  GaAs.  (a)  x=0.02,  (b)  x=0.19 
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Figure  4b  shows  the  PL  of  a  ZnS.Sei.,  layer  with  the  greatest  level  of  sulphur  incorporation 
achieved  to  date.  This  layer  is  under  tension  and  ascribing  the  main  feature  to  I2  associated  with 
the  (e  -  Ih)  transidon  gives  a  sulphur  composidon  of  19%  where  the  very  broad  FWHM  gives  an 
uncertainty  of  ±2%  for  this  value.  The  large  FWHM  could  be  due  to  the  lack  of  optimizadon  of 
the  growth  condidons  as  implied  by  the  presence  of  the  SA  emission,  or  perhaps  is  due  to  a  pardal 
relaxadon  of  the  layer.  Even  if  one  assumed  the  layer  to  be  fully  relaxed  the  luminescence  energy 
would  still  correspond  to  a  composidon  of  15%. 


5  CONCLUSIONS 

The  results  clearly  demonstrate  that  the  electrochemical  cell  is  a  pracdcal  solid  state  source 
for  MBE,  pardcularly  for  our  current  program  which  involves  the  characterization  of  undoped 
and  doped  material  lattice  matched  to  GaAs  and  the  growth  of  ZnS,Se,.,/ZnSe  strain  symmetrized 
superlattices.  Future  developments  of  the  electrochemical  cell  will  improve  the  lifetime  and 
increase  the  flux  to  allow  material  to  be  grown  with  high  sulphur  concentrations  at  normal 
(-Ipm/hr)  growth  rates. 
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ABSTRACT 

Il-VI  semiconductor  surface  passivants,  insulators,  and 
epitaxial  films  have  been  deposited  onto  selective  surface  areas 
by  employing  a  new  masking  and  lift-off  technique.  The  II-VI 
layers  were  grown  by  either  conventional  or  photoassisted 
molecular  beam  epitaxy  (MBE) .  CdTe  has  been  selectively  aposited 
onto  HgCdTe  epitaxial  layers  as  a  surface  passivant.  Selective- 
area  deposition  of  ZnS  has  been  used  in  metal-insulator- 
semiconductor  (MIS)  structures.  Low  resistance  ohmic  contacts  to 
p-type  CdTeiAs  have  also  been  realized  through  the  use  of 
selectively-placed  thin  films  of  the  semi-metal  HgTe  followed  by  a 
thermal  evaporation  of  In.  Epitaxial  layers  of  HgTe,  HgCdTe,  and 
HgTe-CdTe  superlattices  have  also  been  grown  in  selective  areas  on 
CdZnTe  substrates,  exhibiting  specular  morphologies  and  double¬ 
crystal  x-ray  diffraction  rocking  curves  (DCXD)  with  full  widths 
at  half  maximum  (FWHMs)  as  narrow  as  140  arcseconds. 


INTRODUCTION 

Selective-area  deposition  of  surface  passivants,  insulators, 
and  epitaxial  films  of  II-VI  semiconductors  offers  a  new  approach 
for  the  fabrication  of  a  number  of  devices  such  as  metal- 
insulator-semiconductor  device  structures,  multicolor  detectors, 
integrated  optoelectronic  circuits,  and  waveguide  structures. 

The  performance  of  Hg-based  infrared  detectors  is  often 
dependent  on  the  type  and  quality  of  the  surface  passivation. 
Although  it  is  fairly  straightforward  to  complete  an  epitaxial 
growth  with  a  passivating  layer,  once  the  sample  has  been  removed 
from  the  growth  system,  patterned,  and  etched,  the  mesa  edges 
remain  exposed.  When  mesa  etching  is  followed  by  a  blanket 
deposition  of  a  passivating  sulfide  or  oxide  layer,  subsequent 
device  fabrication  can  become  difficult  if  contact  vias  to  the 
underlying  semiconductor  are  desired.  Ideallv,  it  would  be 
desirable  to  selectively  place  surface  passivation  only  on 
sensitive  surfaces  rather  than  of  blanket  depositions  that  can 
require  additional  processing  steps  and  selective  etchants  in 
order  to  obtain  electrical  contacts.  The  same  requirements  hold 
true  for  insulators  in  MIS  structures  and  interlevel  metal 
dielectrics . 

Providing  that  subsequent  depositions  do  not  appreciably 
affect  previously  grown  epitaxial  layers,  selective -area  epitaxy 
of  device  structures  is  perhaps  the  ideal  choice  for  the 
integration  of  the  various  components  for  an  optoelectronic 
circuit  technology.  Frequently,  the  growth  conditions  for 
specialized  layers  used  in  optical  or  electronic  devices  are  grown 
under  a  varied  set  of  optimized  deposition  conditions. 
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Unfortunately,  the  selective-area  epitaxy  of  silicon  or  GaAs 
requires  masking  technologies  that  can  withstand  elevated 
deposition  temperatures  such  as  Si02  or  Si  masks,  which  are 
difficult  to  fabricate.  Additional  epitaxial  depositions  can  be 
detrimental  to  existing  layers  due  to  the  elevated  growth 
temperatures.  Irvine  et .  al.  have  employed  optical  masks  for 
selective-area  growth  of  CdTe  and  HgCdTe  by  photo-induced  metal- 
organic  chemical  vapor  deposition  (1],  but  this  technique  requires 
highly  specialized  crystal  growth  apparatus.  Since  the  MBE  growth 
temperatures  of  several  of  the  II-VI  semiconducting  alloys  are 
sufficiently  low  to  be  compatible  with  photolithography,  photo¬ 
resist  becomes  a  prime  candidate  for  selective-area  depositions. 


SURFACE  PATTERN IKG 

The  patterns  used  in  this  work  are  generated  from  various 
thicknesses  of  photoresist  that  are  applied  to  the  substrate 
surface.  In  most  cases,  the  substrates  are  degreased  in 
trichloroethylene  (TCE) ,  acetone  and  methanol  for  10  minutes  each, 
and  then  baked  to  remove  solvents  from  the  surface.  AZ1350J  and 
AZ4330  photoresists  are  applied  at  a  spin  speed  of  6000  rpm.  Bake 
and  exposure  times  of  these  layers  are  experimentally  determined. 
A  photoresist  profiling  scheme,  involving  a  30  second  pre-exposure 
soak  in  a  1:2  solution  of  hexamethyldisilizane  and  xylene  has  been 
devised  and  used  to  successfully  lift-off  1  |im  geometry  features. 
Employing  a  postbake  temperature  of  60°C  necessitates  a  baking 
time  in  excess  of  1  hour  in  order  to  increase  the  photoresist's 
resiliency  to  chemical  attack.  This  process  mirrors  that  of  the 
low-temperature  device  processing  technology  described  elsewhere 
(2,3),  in  which  the  sample  is  not  exposed  to  temperatures  in 
excess  of  SO’C,  (with  the  exception  of  the  selective-area  epitaxy 
as  described  below) .  Prior  to  deposition,  the  native  oxide  is 
etched  in  a  1:1  solution  of  HC1:H20  and  then  the  substrate  is 
rinsed  in  H2O  for  1  minute.  As  long  as  the  deposition  temperature 
does  not  exceed  IIO^C,  the  photoresist  can  be  removed  using 
solvents . 


SELECTIVE-AREA  PASSIVATION 

CdTt,  considered  a  prime  candidate  for  the  surface 
passivation  of  HgCdTe  due  to  its  close  lattice-match,  has  been 
selectively  deposited  in  the  form  of  5  )lm  wide  rings  with  varying 
outer  diameters  between  30  Hm  and  100  (im,  connected  to  square 
mesas.  A  photograph  of  the  selectively  deposited  CdTe  on  a  CdTe 
substrate,  indicating  the  fine  control  of  the  selective-area 
linewidth,  is  shown  in  Fig.  1.  Prior  to  deposition,  a  photoresist 
pattern  was  imaged  on  the  surface  using  the  low-temperature 
process  described  above.  The  patterned  substrate  was  etched  to 
remove  the  native  oxide,  and  then  loaded  into  the  MBE  growth 
chamber.  Several  CdTe  thin  films  with  thicknesses  varying  between 
600  A  and  1  jim  have  been  successfully  deposited  and  lifted-off  in 
acteone  and  methanol.  CdTe  passivating  layers  have  been  used  in 
the  fabrication  of  HgCdTe-HgTe-CdZnTe  quantum-well  modulation- 
doped  field-effect  transistors  [3]  and  HgCdTe  p-n  junction 
infrared  detectors  [2],  and  the  passivating  properties  of  these 
CdTe  room  temperature  MBE  depositions  on  Hg-based  alloys  are  still 
under  investigation. 
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Figure  1.  Photograph  of  selective-area  CdTe  passivant 
deposited  by  molecular  beam  epitaxy  at  room  temperature. 
CdTe  is  1500  A  thick  and  the  5  |im-wide  rings  have  diameters 
in  the  range  between  30  |im  and  100  nm. 


SELECTIVE-AREA  INSULATORS 

Thin  layers  of  insulating  ZnS,  deposited  by  MBE  into  the 
active  gate  region  between  the  source  and  drain  of  a  field-effect 
transistor  (FET)  structure  have  been  used  to  successfully 
fabricate  a  HgCdTe  MISFETs  from  epitaxial  layers  of  HgCdTe  [4). 
Thicker  layers  of  insulating  ZnS  have  been  employed  as  an 
interlevel  metal  dielectric  for  advanced  multilevel  metallization 
device  -  ocessing  such  as  CdTe : As-CdTe : In  p-n  junctions  [2],  ZnS 
has  bee.,  deposited  using  a  II-VI  MBE  system  with  a  base  pressure 
of  1x10’  Torr.  Then  the  photoresist  pattern  and  unwanted  ZnS  are 
lifted-off  in  acetone  and  methanol. 

The  photograph  shown  in  Fig.  2  illustrates  the  precise 
control  of  the  patterned  linewidth  as  well  as  the  ability  to 
selectively  place  insulators  between  existing  patterned  layers. 
The  ZnS  T-gate  structure  is  12  (Im  wide  and  2000  A  thick.  From 
optical  microscopy  the  surface  is  featureless  and  there  is  no 
evidence  of  pin-holes  that  often  can  be  found  in  thermally 
evaporated  ZnS  layers.  Further  confirmation  of  the  integrity  of 
the  insulator  is  provided  by  electrical  characterization,  in  which 
a  Au  metallization  and  lift-off  provides  a  gate  electrode  to  the 
MISFET.  From  current-voltage  measurements  on  this  MIS  structure, 
gate  currents  of  less  than  100  nA  at  15  V  were  measured. 

Thick  layers  (In  excess  of  6000  A)  have  also  been  deposited 
selectively  as  an  interlevel  metal  dielectric.  In  this  case,  ZnS 
is  deposited  over  the  entire  sample  with  the  exception  of  previous 
metallization  contact  pads  and  future  contact  areas.  Thus,  the 
interlevel  dielectric  and  contact  vias  to  underlying  metallization 
are  created  simultaneously  requiring  fewer  processing  steps.  No 
current  is  measurable  between  crossing  metallizations  at  voltages 
as  high  as  30  V. 
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Figure  2.  Photograph  of  selective-area  ZnS  between  the 
source  and  drain  regions  of  a  field-effect  transistor.  ZnS 
is  2800  A  thick,  deposited  at  60“C  by  molecular  beam 
epitaxy,  and  forms  a  12  jlm  wide  T-structure. 


SELECTIVE-AREA  EPITAXY 

Epitaxial  layers  of  HgTe,  Hgo.7aCdo,22Te  and  HgTe-CdTe 
superlattices  have  been  grown  onto  selective  areas  of  (100) 
oriented  CdZnTe  substrates.  Prior  to  epitaxial  film  growth, 
chemimechan i ca 1 ly  polished  and  etched  substrates  were 
photolithographically  patterned  The  samples  were  then  etched  in  a 
1:1  solution  of  HCl  :  HjO  for  30  seconds  to  remove  surface  oxides, 
rinsed,  and  loaded  into  a  Hg-compatible  MBE  system.  Growth 
conditions  were  the  same  as  for  non-selective  epitaxy  as  described 
in  Ref.  5,  except  that  no  sample  preheat  at  300°C  was  performed. 

DCXD  spectra  of  the  grown  epilayers  (for  a  1  mm^  beam  cross- 
section)  exhibit  structural  perfection  approaching  that  of  similar 
unpatterned  layers.  A  summary  of  the  best  results  are  presented 
in  Table  I.  Each  of  the  listed  layers  was  approximately  1.0  nm 
thick  and  grown  at  a  substrate  temperature  in  the  range  between 
140°C  and  170'’C.  The  characteristic  FWHMs  of  the  layers  grown  by 
photoassisted  MBE  at  lower  growth  temperatures  were  generally 
narrower  than  those  of  films  grown  at  170°C.  In  addition,  the 
lift-off  technique  was  more  successful  and  uniform  for  the  lower 
temperature  growths. 

A  photograph  of  selectively-patterned  HgCdTe,  grown  by 
photoassisted  MBE,  is  shown  in  Pig.  3  (after  lift-off  in  acetone 
and  methanol) .  The  patterned  epitaxial  layer  exhibited  DCXD 
rocking  curves  as  narrow  as  162  arcse^onds.  The  peak  x-ray 
intensity  of  the  epitaxial  film  was  less  than  half  that  of  the 
substrate  peak  because  the  selective-area  HgCdTe  patterns 
comprised  only  a  small  fraction  of  the  total  surface.  Each  of  the 
square  mesas  are  125  Jim  on  a  side,  while  the  circular  mesas  vary 
in  .size:  30  nm,  50  )lm,  70  (im  and  100  (im  in  diameter.  These 
structures  are  an  appropriate  size  for  infrared  detectors 
operating  in  the  8  ^lm  to  12  (Xra  spectral  region. 

The  semimetal  HgTe  has  also  been  grown  by  conventional  MBE  at 
a  substrate  temperature  of  l^O^C.  DCXD  rocking  curves  for  1  )lm 
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Grown  Layer 

Substrate  Material 

Growth  Temperature 

X-Ray  FWHM 

Hg  Cd  Te 
0.78  0.22 

Cd2nTe 

(100) 

170°C 

162  arcseconds 

HgTe-CdTe 

Sujierlattice 

CdZnTe 

(100) 

150°C 

380  arcseconds 

HgTe 

CdZnTe 

(100) 

l4CfC 

140  arcseconds 

Table  I.  Summary  of  the  structural  quality  of  II-VI 
semiconductor  selective-area  epitaxial  films  as  determined 
from  double-crystal  x-ray  diffraction  rocking  curves. 


thick  HgTe  layers  exhibit  FWHMs  of  140  arcseconds,  demonstrating 
excellent  structural  perfection  for  patterned  layers,  employing  a 
photosensitive  polymer  as  a  mask.  In  addition,  low  resistance 
ohmic  contacts  to  p-type  CdTeiAs  have  also  been  realized  through 
the  use  of  selectively-placed  thin  films  of  the  semi-metal  HgTe 
followed  by  the  evaporation  of  indium.  This  double-layer 
deposition  was  successfully  lifted-off  in  the  same  pattern 
configuration  as  shown  in  Fig.  1.  This  contact  technique  was  also 
used  in  the  fabrication  of  CdTe  p-n  junctions  [2). 

Patterning  of  10  wide  lines  with  5  |lm  spacings  have  been 
successfully  lifted-off  as  shown  in  Figs.  4  (a)  and  (b)  .  These 
patterns  consist  of  100  double  periods  of  a  CdTe  (25  A)  -  HgTe  (75 
A)  superlattice.  These  structures  (b)  represent  the  first  NCSU  in 
situ  patterned  superlattices .  These  selective  area  epitaxial 
superlattices  exhibit  reasonable  x~ray  diffraction  spectra  (with 
best  FWHMs  of  380  arcseconds)  comparable  to  other  non-patterned 
HgTe-CdTe  superlattices .  These  structures  have  potential  uses  in 
infrared  optical  waveguiding  and  multi-color  applications. 
Selective  area  epitaxy  offers  increased  versatility  for  Il-VI 
semiconductor  integrated  optoelectronics  in  which  a  two  step 
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Figure  3.  Photograph  of  selective-area  epitaxy  of 
Hgo.  TsCdo.jjTe  grown  by  photoassisted  molecular  beam  epitaxy 
at  a  substrate  temperature  of  IVO'C.  Square  mesa 
structures  are  125  Jim  x  125  flm  while  the  circular  mesas 
vary  in  size  from  30  Urn,  50  nm,  70  Jim,  and  IOC  )lm  in 
diameter.  Total  layer  thickness  is  1.0  Jim. 
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(a) 


(b) 


Figure  4  (a)  and  (b) .  Photographs  of  selective  area  HgTe- 
CdTe  superlattice  waveguide  structures  grown  on  a  (100) 
oriented  CdZnTe  substrate  at  125  °C .  The  1  )lm-thiclc 
superlattice  consisted  of  100  periods  of  25  k  CdTe  and  75  A 
HgTe .  The  interdigitated  electrodes  on  the  left  are  10  |lm 
wide  with  a  2  |lm  inter-electrode  spacing  while  the  NCSU 
pattern  on  the  right  is  only  4  Hm  in  width. 


growth  process  can  be  used  to  deposit  transistor  active  regions, 
followed  by  the  deposition  of  neighboring  detector  structures. 

The  contamination  problems  that  accompany  the  use  of 
photoresist  masks  have  yet  to  be  determined,  but  with  the  trend 
towards  lower  growth  temperatures  they  are  expected  to  become  less 
significant . 


SOMMARY 

Selectively  grown  II-VI  semiconductor  surface  passivants, 
insulators  and  epitaxial  films  for  advanced  multilayer  device 
structures  would  significantly  enhance  current  infrared 
optoelectronic  circuit  technologies. 
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ABSTRACT 

A  brief  summary  is  given  of  the  characterization  of  an  optically 
addressed  Spatial  Light  Modulator  (SLM)  that  uses  a  thin  film  of  CdS  as  the 
photosensor  and  a  liquid  crystal  as  the  electro-optic  material.  The  required 
high  dark  Impedcmce  of  the  CdS  thin  film  is  achieved  by  a  depletion  region 
created  by  surface  acceptor  states.  Analysis  of  the  SLM  complex  impedance 
as  a  function  of  frequency  and  illumination  indicates  that  the  voltage 
switching  is  due  to  the  reduction  in  impedance  with  illumination  caused  by 
the  Increased  capacitance  of  the  CdS  thin  film.  The  impedance 
measurements  as  well  as  photoluminescence  data  were  consistent  with  an 
acceptor  surface  state  model  accounting  for  the  depletion  region  of  the  CdS 
thin  film.  Additionally  the  SLM  is  shown  to  exhibit  photoelectrochemical 
cell  characteristics  such  as  dark  rectification,  and  a  photocurrent  and 
photovoltage  proportional  to  the  illumination  intensity.  The  SLM 
performance  characteristics  of  good  resolution  and  sensitivity  is  attributed 
to  the  surface  state  induced  depletion  region. 


INTRODUCTION 

Spatial  Light  Modulators  (SLMs)  have  numerous  applications  in  a 
variety  of  optical  computing  and  image  processing  systems!  1.2).  We  have 
developed  a  transmissive  mode  optically  addressed  SLM  that  employs  a 
photosensitive  layer  consisting  of  a  thin  film  of  CdS  and  a  liquid  ciystal  as 
the  electro-optic  layer.  A  schematic  cross  section  of  the  SLM  is  shown  in 
Flg.l.  The  photosensitive  layer  is  a  thin  film  of  CdS  2  to  4  microns  thick 
deposited  by  vacuum  evaporation  onto  an  Indium  Tin  Oxide  (ITO)  coated 
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varying  incoherent  while  light  signal. 
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glass  substrate.  The  liquid  crystal  is  a  cyanoblphenyl  which  has  a  positive 
dielectric  anisotropy.  It  is  aligned  in  a  90  degree  twisted  nematic 
configuration  by  using  rubbed  polyimide  layers  on  the  CdS  and  ITO 
surfaces.  An  AC  voltage  of  4  to  8  volts  rms  at  1  to  2  kHz  is  applied  across 
the  rro  electrodes. 

When  no  write  light  is  incident  on  the  photoactive  layer,  the  voltage 
drop  across  the  liquid  crystal  is  below  its  switching  threshold.  Incoming 
polarized  light  with  photon  energy  greater  than  the  2.4  eV  bandgap  of  the 
CdS  is  then  transmitted  with  its  plane  of  polarization  rotated  90  degrees  by 
the  liquid  crystal  layer.  When  the  CdS  is  illuminated  by  write  light  greater 
than  the  band  gap  energy,  its  Impedance  decreases.  The  vmtage  drop 
across  the  liquid  crystal  men  increases  above  its  threshold  value.  This  re¬ 
sults  in  reorientation  of  the  twist  configuration  of  the  liquid  crystal 
molecules.  Incoming  linearly  polarized  light  in  the  optically  activated  region 
of  the  device  then  becomes  elllptically  polarized.  The  SLM  acts  as  an 
amplitude  modulator  when  an  analyzer  is  placed  in  the  output  path.  With 
no  analyzer,  the  SLM  behaves  as  a  phase  modulator. 

To  switch  voltage  efficiently  during  illumination  the  dark  impedance  ot 
the  CdS  thin  film  should  match  the  liquid  crystal  impedance.  To  achieve 
this  high  impedance,  Schottky  barrlerOl,  MOS|41  or  heterojunctionIS] 
structures  have  been  used.  This  is  in  contrast  to  our  SLM  where  the  high 
impedance  is  obtained  by  a  surface  state  induced  depletion  region  in  a 
homogeneous  thin  film. 


IMPEDANCE  CHARACTERISTICS 

To  aid  in  determining  the  light-activated  voltage  switching 
mechanism,  the  complex  impedance  of  the  SLM  was  measured  as  a  function 
of  frequency  with  and  without  illumination.  The  data  and  calculated  results 
of  an  equivalent  circuit  model  of  the  SLM  are  given  in  Fig  2.  The  equivalent 
circuit  representation  of  the  SLM  is  given  in  Fig  3.  The  liquid  crystal  layer 
was  modeled  as  a  parallel  RC  circuit.  The  resistance  and  capacitance  of  the 
liquid  crystal  layer  was  obtained  from  separate  measurements  and  agreed 
with  calculated  values  based  on  its  dielectric  constants  and  dimensions  16). 
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Fig.  2a.  Impedance  data  of  SLM  and 

calculated  curves  using  model 
parameters  of  Table  I 
(real  component). 
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Fig.  2b.  Imaginary  component. 
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The  CdS  thin  film  depletion  region  was  represented  by  a  surtace  state 
impedance  model  [7].  The  surface  state  capacitance  and  resistance  and  the 
depletion  region  capacitance  are  a  function  of  the  surface  state  density, 
ionized  donor  density,  and  band  bending  voltage.  These  parameters  were 
determined  by  using  a  complex  nonlinear  least  square  fitting  method  [8]  and 
are  given  in  Table  1.  The  reduction  in  Impedance  during  illumination  is 
due  to  the  Increased  capacitance  of  the  depletion  region.  This  results  from 
the  generated  photovoltage  forward  biasing  the  space  charge  region  and  an 
increase  in  the  positive  charge  density.  The  latter  effect  could  be  due  to  the 
capture  of  photogenerated  holes  by  deep  level  traps.  The  switching  of 
voltage  to  the  liquid  crystal  is  thus  due  to  the  reduction  of  the  depletion 
region  capacitance  during  illumination  with  write  light. 


PHOTOELECTROCHEMICAL  CELL  CHARACTERISTICS 

The  SLM  behaves  as  a  photoelectrochemlcal  cell  when  the  current 
blocking  alignment  layer  is  not  used.  The  liquid  crystal  acts  as  the 
electrol^e  with  oxidation  and  reduction  reactions  occurring  at  the  CdS  and 
ITO  electrode.s  respectively.  Illumination  with  white  light  produces  a  photo¬ 
voltage  of  0.2  to  0.4  volts.  In  the  dark,  the  SLM  shows  recUfylng  behavior. 
With  illumination,  a  photocurrent  Is  obtained  in  reverse  bias.  At  forward 
bias  the  currents  measured  with  and  without  illumination  do  not  differ 
significantly.  The  CdS/llquld  crystal  barrier  height  appcEirs  to  be 
determined  by  Fermi  level  pinning  due  to  surface  states.  This  is  supported 
by  the  observation  of  similar  photovoltage  when  different  liquid  crystals 
were  used.  The  depletion  region  formed  at  the  CdS  surface  is  most  likely 
due  to  chemisorption  of  oxygen.  Surface  barriers  due  to  surface  states 
created  by  oxygen  chemisorption  have  been  extensively  studied  19,10). 
These  acceptor  states  capture  electrons  from  the  bulk  of  the  semiconductor, 
thereby  creating  a  depletion  region. 


CdS  THIN  FILM  LIQUID  CRYSTAL 


C  0  Clc 


Css  =  SURFACE  STATE  CAPACITANCE 
Rss  =  SURFACE  STATE  RESISTANCE 


Table  1.  Surface  state  model  parameters 
obtained  from  best  fit  to 
Impedance  data. 


SURFACE 

IONIZED 

BAND 

STATE 

DONOR 

BENDING 

DENSITY 

DENSITY 

VOLTAGE 

LIGHT 

5x  10’° 

10'5 

0  22 

DARK 

5x10'° 

1.6  X  10^“* 

0.37 

Cd  =  DEPLETION  REGION  CAPACITANCE 


Ca  =  ALIGNMENT  LAYER  CAPACITANCE 


Rlc  -  LAYER 

RESISTANCE  LIQUID  CRYSTAL 


c  Lc  =  layer 

CAPACITANCE  LIQUID  CRYSTAL 
Rc  =  CONTACT  RESISTANCE 


Fig.  3.  Equivalent  circuit  model  of  SLM. 
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PHOTOLUMINESCENCE 

To  obtBin  Information  concerning  the  defect  structure  of  the  CdS  thin 
films,  photoluminescence  (PL)  measurements  were  made  using  the  488  nm 
line  of  an  Argon  Ion  laser  as  the  excitation  source.  Room  temperature  broad 
band  PL  was  generally  observed  between  600  and  800  nm.  The  intensity  in¬ 
creased  as  the  temperature  was  reduced.  The  intensity  correlated  with  the 
Impedance  characteristics  of  SLMs  made  from  the  CdS  films.  The  films 
showing  more  Intense  PL  exhibited  lower  dark  impedances  resulting  in 
SLMs  mat  were  less  photosensitive.  The  lower  dark  Impedances  were 
attributed  to  smaller  depletion  widths  due  to  higher  donor  densities.  Since 
the  donor  density  of  CaS  is  attributed  to  sulfur  vacancies  the  PL  band  is 
attributed  to  radiative  transitions  from  centers  associated  with  sulfur 
vacancies.  This  agrees  with  previous  work  relating  CdS  broadband  PL 
centered  at  720nm  to  sulfur  vacancy  defects  (11.121.  Elg.4  shows  the  PL 
spectra  for  a  CdS  thin  film  made  by  evaporation  from  the  compound  and 
one  made  by  coevaporation  using  an  excess  of  sulfur.  The  PL  of  the  film 
evaporated  from  the  compound  is  much  greater  than  the  coevaporated  film 
indicating  a  poorer  stoichiometry  due  to  sulfur  deficiencies. 


PERFORMANCE  CHARACTERISTICS 

The  SLM  performance  parameters  of  sensitivity  and  contrast  ratio 
were  determined  by  measuring  the  transmission  of  a  He-Ne  laser  as  a 
function  of  write  li^t  intensity  using  a  tungsten  halogen  light  source.  An 
analyzer  oriented  parallel  to  the  laser  polarization  axis  of  was  used  in  the 
output  path.  The  results  are  shown  in  Fig.5  and  indicate  the  SLM  is 
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Fig.  4.  Photoluminescence  spectra  of 
CdS  thin  films  at  room 
temperature. 

(a)  Evaporated  from  compound. 

(b)  Evaporated  from  elements. 
Peaks  are  due  to  interference 
effects. 


WRITE  LIGHT  INTENSITY  (^W/cm^  ) 

Fig.  5.  SLM  sensitivity  determination 
where  modulation  of  laser 
transmission  is  given  as  function 
of  write  light  intensity. 
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sensitive  to  write  intensities  of  1  (iw/cm2.  At  saturation  a  contrast  ratio  of 
60  to  1  is  observed. 

A  metfiod  we  have  used  to  determine  the  resolution  of  the  SLM  is  to 
image  a  resolution  chart  onto  the  device  and  to  record  it  using  a  He-Ne 
laser.  Flg.6  shows  a  photograph  of  the  recorded  central  portion  of  the 
resolution  chart  when  the  write  light  is  focused  on  the  CdS/liquid  crysta. 
Interface  of  the  SLM.  Group  4  can  be  clearly  seen  with  elements  of  gioup  5 
also  delineated.  This  Indicates  a  resolution  in  the  range  of  30  to  40  line 
pairs  per  mm.  When  the  write  signal  is  incident  on  the  ITO/CdS  interface, 
the  resolution  is  considerably  reduced.  The  resolution  appears  to  be  limited 
by  the  ’ateral  diffusion  of  photogenerated  carriers  which  causes  image 
spreading.  When  the  SLM  is  irradiated  with  write  light  incident  on  the 
liquid  crystaJ/CdS  Interface,  photogeneration  of  carriers  occurs  primarily  in 
the  depletion  region.  There  the  high  electric  fields  reduces  lateral  diffusion 
of  photogenerated  carriers,  thus  improving  the  resolution. 


CONCLUSION 

We  have  given  a  summary  of  some  properties  of  an  optically 
addressed  transmissive  SLM  that  uses  a  CdS  thin  film  as  the  photosensitive 
layer  and  a  liquid  crystal  as  the  electro-optic  layer.  The  required  high  dark 
impedance  is  provlcied  by  the  depletion  region  at  the  CdS  surface.  It  is 
probably  formed  by  acceptor  surface  states  created  by  adsorption  of  oxygen. 
This  SLM  offers  an  advantage  over  existing  devices  in  simplicity  of 
fabricaUon  of  the  photosensor  since  special  junction  forming  techniques  are 
not  required.  Additionally,  the  transparent  nature  of  the  liquid  crystal/  CdS 
interface  allows  for  direct  illumination  of  the  depletion  region.  This  results 
in  Increased  spatial  resolution  and  sensitivity  compeired  to  photosen'‘ors 
requiring  light  blocking  layers(41. 
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PHOTOLUMINESCENCE  PROPERTIES  OF  GRADED  COMPOSITION  MgxZnj.xSe  CRYSTALS 

H.  J.  Lozykowski,  Ohio  University;  X.  D.  Jiang,  University  of  Heilongjian, 
Harbin,  PRC;  J.  L.  Merz,  University  of  Calfiornia,  S.  Barbara. 

ABSTRACT 

The  photoluminescence  properties  of  MgxZn^.xSe  solid  solution  grown  on  ZnSe 
substrate  by  a  closed  solid-state  diffusion  technique  have  been  investigated. 
The  depth  profiles  of  the  diffusion  region  shows  distinguished  surface  layer 
and  thick  graded  layer.  The  PL.  spectra  of  MgxZnj.xSe  side  of  the  sample 
excited  with  a  wide  range  of  excitation  energy  shift  the  edge  emission  band 
toward  longer  wavelengths  with  decreasing  excitation  energy.  The  edge  emission 
spectrum  was  found  to  shift  toward  the  shorter  wavelength  with  electric  field 
applied  parallel  to  the  compositional  gradient  of  MgxZnj.xSe-ZnSe  heterostruc¬ 
ture. 

INTRODUCTION 

Because  the  direct  bandgap,  the  II-VI  compounds  are  highly  efficient  for 
luminescence  purposes;  ZnSe  is  a  particularly  promi.,ing  candidate  for  future 
electroluminescent  (EL)  devices  covering  the  entire  visible  spectrum.  In  order 
to  give  good  radiative  efficiency,  however,  the  material  for  such  devices  is 
often  doped  with  impurities  which  displace  the  room  temperature  emission  maxi¬ 
mum  to  a  photon  energy  considerably  lower  than  the  bandgap.  For  many  applica¬ 
tions  it  would  be  desirable  to  have  EL  devices  with  a  spectrally  narrow 
emission  band,  as  can  be  obtained  from  near-bandgap  recombination.  However,  it 
seems  difficult  to  make  ZnSe  crystals  which  exhibit  dominantly  such  near- 
bandgap  emission.  In  addition,  the  availability  of  a  continuous  range  of 
emitting  wavelengths  from  such  EL  devices  would  be  desirable.  This  might  be 
realized  for  the  violet-UV  region  of  the  spectrum  in  a  ternary  semiconductor 
based  on  ZnSe. 

Changing  the  composition  of  ZnSe  to  a  MgxZnj.xSe  mixed  crystal  increases 
the  bandgap.  Furthermore,  the  PL  characteristics  shift  dramatically  from  deep 
extrinsic  emission  to  ZnSe  to  that  dominated  by  a  narrow  near-bandgap  emission 
at  all  temperatures  in  the  range  2-300  K  in  MgxZnj.xSe  [1]. 

BANDGAP  VARIATION  OF  MgxZnj.xSe 

The  values  of  the  fundamental  bandgap  of  MgxZnj.xSe  ternary  alloys 
(FxGj-xH)  are  within  the  range  2.813  eV  (ZnSe)  for  x  =  0  and  5.600  eV  (MgSe) 
for  X  =  1  at  80K.  The  bandgap  variation  with  composition  0  <  x  s  1  is 
described  by  equation  shown  in  insert  Fig  1  where  b  is  the  bowing  parameter  and 
(EgMgSe  -  EgZnSe)  =  2.787  eV  at  80K.  The  bowing  parameter,  b,  can  be  calcu¬ 
lated  from  the  equation: 

Ze  1  1  2  1  VT 

b  =  -r—  {- - — -)  (rp  +  rg)  exp  (  -  —  s  — —  a)  (1) 

SttEo  rp  rg  2  4 

where  Ze  is  the  charge  of  the  substituting  ions,  a  is  the  lattice  constant  of 
the  mid-composition  alloy,  s  is  the  screening  constant  (s  =  0.25  A'^),  and  rp 
and  rg  are  the  Pauling  covalent  radii  of  elements  F  and  G,  respectively  [2]. 

The  lattice  constant  of  the  mid-composition  alloy,  a,  was  calculated  on 
the  basis  of  Vegard's  law  which  states  that  the  lattice  constant  of  a  solid 
solution  varies  linearly  with  composition.  Using  a(ZnSe)2B  =  5.6676  A, 
a(MgSe)2B  =  5.8619  A  ,the  last  was  computed  from  relation  a^B  =  3^/2,  [3]  and 
a(MgSe)jj  =  4.145  A  [4].  Using  covalent  radii  r^n  =  1.225  A  rpig  =  1.40  A  and 
a  =  5.7647  A,  we  obtain  the  bowing  parameter  b  =  0.29.  Figure  1  shows  the  com¬ 
position  dependence  of  the  bandgap  for  MgxZnj.xSe  alloys  at  80K  computed  using 
bowing  parameter  b  =  0.29.  In  II-VI  compounds  consisting  of  elements  A^'  and 
b'^'  of  the  periodic  table  the  valence  band  is  mainly  determined  by  the  local 
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ZnSe  Mg)(Zni_xSe 


Fig.  I.  The  bandgap  Eg,  as  a  function  Fig.  2.  Luminescence  pattern  of 
of  composition  x.  ZnSe-MgxZnj.x^s  obained 

under  UV  excitation. 

potential  near  the  anion  and  the  conduction  band  Is  determined  by  the  cation 
region.  Therefore,  in  inhomogenous  mixed  crystals  such  as  Mg^Zni-xSe  we  will 
have  a  greater  composition  dependence  for  the  conduction  band  states  than  for 
valence  band  states. 

EXPERIMENTAL 

Single  crystals  of  ZnSe  were  grown  from  the  melt  using  Merck  ZnSe  powder 
of  purity  99.999%.  The  crystals  were  cut  into  slices  approximately  1  mm  thick 
and  oriented  in  the  (111)  or  (110)  directions.  A  sealed  tube  technique  was 
employed  for  diffusion.  The  diffusion  source  was  metallic  Mg  placed  in  an  eva¬ 
cuated  quartz  ampule  together  with  ZnSe  crystals.  Preparation  of  crystals, 
diffusion  conditions  and  all  etching  procedures  used  on  the  material  have  been 
described  in  a  previous  paper  [1].  For  the  field-dependent  photo! uminescence 
the  sample  was  mechanically  ground  to  half  Its  initial  thickness  after  the  dif¬ 
fusions.  It  was  then  polished  and  chemically  etched.  After  diffusion  the 
crystals  were  white-yellow  and  had  an  odor  of  hydrogen  selenide.  The  etching 
procedure  after  diffusion  removed  some  part  of  the  heavily  doped  surface  region 
but  also  small  drops  of  metal  (Mg,  Mg  +  Zn)  from  the  surface.  The  color  of  the 
Mg-doped  crystals  varied  from  green  to  yellow  to  pink.  The  composition  of  the 
ternary  alloys  was  determined  by  electron  probe  microanalyzer  (ARL  EMX-SM 
120,000).  The  sample  surfaces  were  cleaved  to  form  wafers  with  orientation 
(Ill),  or  were  embedded  In  epoxy  ((110)  wafer)  and  mechanically  ground  and 
polished  In  oil  to  expose  the  sample  surfaces.  These  sample  surfaces  were  then 
degreased  with  trichloroethylene  and  placed  immediately  In  the  evaporation 
apparatus.  After  coating  the  samples  with  a  thin  carbon  film  they  were  placed 
In  the  microprobe  analyzer.  An  accelerating  voltage  of  20  KV  was  used  for  the 
electron  beam.  An  Au  semi-transparent  electrode  ~200A  thick  was  sputtered  onto 
the  MgxZnj.xSe  surface.  The  second  electrode  on  the  substrate  was  a  brushed 
In  +  Hg  contact  or  an  indium  alloyed  contact.  Photo-excitation  was  achieved 
through  the  gold  semi-transparent  electrode.  Samples  were  immersed  in  either 
liquid  N2  or  in  liouid  He  which  could  be  pumped  below  the  X  point. 
Photoluminescence  measurements  were  obtained  with  excitation  from  a  200  W  high- 
pressure  Hg  UV  lines  or  from  a  N2-pumped,  pulsed  tunable  dye  laser  (PAR  Model 
2100)  with  spectral  linewidth  S  0.04  nm  and  output  peak  power  >  25  KW. 
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the  effect  of  Mg  diffusion  Is  the  appearance  of  peaks  at  426.5  and  437.7  nm. 

For  comparison,  photoluminescence  spectra  at  1.4  K  for  an  undoped  ZnSe  speci¬ 
men,  heat-treated  at  1000°C  for  48  hours  under  Zn  over  pressure  Is  also  shown 
in  Figure  3.  The  very  weak  Ij  deep  line  at  445.4  nm  with  LO  phonon  replicas 
and  a  strong  series  of  edge-emission  lines  due  to  the  donor-acceptor  pair  tran¬ 
sition  In  the  region  459-485  nm  are  shown.  Although  there  is  a  slight  shift  in 
energy  between  the  low  energy  peaks  for  the  diffused  and  undiffused  spectra,  we 
believe  that  the  nature  of  emission  In  the  region  is  the  same  for  all  three 
spectra;  the  shift  of  the  no-phonon  live  In  (c)  results  from  the  band-gap  shift 
with  temperature.  In  order  to  obtain  Information  on  the  luminescent  properties 
of  the  MgxZni.xSe-ZnSe  graded  heterojunctions,  we  have  carried  out  measurements 
of  photoluminescence  spectra  at  different  excitation  energies  and  Intensities. 
Photoluminescence  spectra  at  77  K  for  the  Mg^Zdj.^Se  side  of  the  specimen  are 
shown  In  Fig  4a  Is  the  same  as  In  Fig  3a,  excited  by  the  mercury  line  365  nm. 
rig  4b  shows  emission  using  a  low  power  mercury  Pen  Ray  lamp  as  the  excitation 
source.  As  can  be  seen  from  the  figure,  the  PL  spectral  distributions  under 
varying  excitation  intensities  are  different.  At  low  excitation  Intensity,  the 
spectrum  exhibits  only  one  band  In  the  short  wavelength  region  which  occurs  at 
slightly  higher  energy  than  In  the  higher  excitation  case.  The  remaining  band 
is  edge  emission  from  the  ZnSe  substrate.  Figure  4c  and  d  show  photolumi¬ 
nescence  spectra  for  this  same  crystal  excited  by  different  dye  laser  wave¬ 
lengths,  404.1  nm  and  409.3  nm,  respectively.  For  404.1  nm  excitation  a  broad 
emission  band  can  be  observed  with  peaks  at  429.0  nm,  and  444.0  nm.  The 
emission  spectrum  excited  by  wavelength  409.3  nm  at  77  <  (Figure  4d)  shows 
additionally  a  new  high  energy  line  with  a  smaller  amplitude  peak  at  410.3  nm. 
Similar  peaks  were  observed  from  different  crystals  and  with  different  excita¬ 
tion  wavelengths,  but  our  experimental  results  are  not  sufficient  to  establish 
the  nature  of  this  line.  Finally,  1n  order  to  specify  the  nature  of  the 
observed  luminescence  transitions,  we  recorded  the  photoluminescence  spectra  at 
1,4  K,  varying  the  excitation  source.  The  pulse  dye  laser  with  repetition  rate 
20  pulse/sec  was  tuned  in  the  wavelength  range  from  398.2  nm  to  439.0  nm  with 


Flg.  5.  The  PL  spectra  Mg^Zni-^Se 
side  excited  by  different  X 
at  1.4  K. 


wavelength  (rm) 


Fig.  6.  The  PL  spectra  ofMgxZoi.xSe 
crystal  (a)  no  bias,  b,  c,  d, 
with  bias  lOOV,  130V,  150V. 
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SCANNING  X-RAY  MICROPROBE  ANALYSIS 

The  depth  profiles  were  determined  by  using  the  scanning  X-ray  microprobe 
apparatus.  The  samples  were  cut  normal  to  the  surface  and  the  20  KV  electron 
beam  with  diameter  1.5  pm  was  scanned  from  the  surface  into  the  bulk.  The 
cathodoluminescence  observed  visually  at  room  temperature  changed  color  from 
violet  at  the  surface  (MgxZni.^Se)  to  blue  in  the  bulk  (ZnSe).  The  depth  pro¬ 
file  thus  obtained  for  diffusion  at  a  temperature  of  980°C  for  a  period  of  48 
hours  samples  (SI),  indicate  that  the  solid  solution  layer  can  be  divided 
into  two  regions,  one  12-15  pm  deep,  followed  by  a  transition  region  with  a 
graded  composition  to  a  depth  of  about  28  pm.  The  first  region  is  better 
approximated  by  a  Gaussian  relation  which  results  in  a  diffusion  constant,  Dho 
-8.3  X  lO’l^cm^sec"!.  The  depth  profile  below  the  surface  overlayer  is 
approximated  by  a  simple  complementary  error  function.  The  diffusion  constant 
obtained  in  this  region  is  D^g  =  4.3  x  lO'l^cm^sec"!. 

Fig  2  shows  the  luminescence  pattern  of  a  crystal  cut  from  a 
(llO)-oriented  wafer  of  ZnSe  into  which  Mg  has  been  diffused  at  1000“C.  The 
light  region  on  the  photograph  corresponds  to  the  Mg^Zni.xSe  layer,  the  dark 
area  corresponds  to  ZnSe.  The  photoluminescence  pattern  was  obtained  under  365 
nm  ultraviolet  excitation  at  room  temperature.  The  thickness  of  the  lumi¬ 
nescent  layer  is  not  uniform;  the  photograph  shows  a  clearly-distinguished  thin 
(24pm)  surface  layer  of  one  composition  (denoted  by  a  in  the  figure),  and 
another  region  of  varying  thickness,  from  73-103  pm  (denoted  by  b).  The 
microscopic  observation  of  the  luminescence  pattern  of  another  sample  (S!) 
after  etching  shows  a  36  pm  thick  graded  layer,  which  is  in  good  agreement  with 
the  thickness  of  the  surface  layer  determined  by  the  scanning  X-ray  microprobe 
analyzer. 

PHOTOLUMINESCENCE  SPECTRA 


Fig  3  shows  the  photoluminescence  spectra  of  two  crystals,  ZnSe  and 
Mgx^i'l-x^®  (SI),  excited  with  the  365.0  nm  Hg  line,  the  sample  was  cut  to  half 
its  initial  thickness,  polished  and  etched.  Curves  a  and  b  in  Figure  3  shows 
the  emission  spectra  from  the  MgxZnj.xSe  (SI)  and  ZnSe  sides  of  the  same 
crystal,  respectively,  at  77  X.  A  broad  emission  band  with  peaks  near  426.5 
nm,  437.7  nm  and  463.3  nm  was  observed  from  the  Mg-rich  side.  The  opposite 
side  of  this  crystal  (undiffused  ZnSe)  showed  a  spectrum  (curve  b)  with  only 
the  low  energy  peak  of  the  three  described  above  here  peaking  at  464.5  nm;  the 
broad  band  in  the  short  wavelenoth  region  is  extremely  weak.  It  is  clear  that 


Fig.  3.  The  PL  spectra  of  (a)  Mg^Zn^.^Se  Fig.  4.  Luminescence  emission 
side  (b)  ZnSe  side  (c)  ZnSe(Rf).  spectra  of  Mg^Zoi.^Se. 
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nalfwldth  ^  0,04  ran  and  duration  time  2  ns.  Figure  5  give:  an  example  of  what 
IS  obtained.  The  short  wavelengths  bands  are  shifted  towards  longer  wave¬ 
lengths  and  the  edge  emission  remains  at  the  same  position  (462.3-463.3  nm) 
similar  to  the  spectra  taken  at  77  K.  The  tail  of  the  highest  energy  peak  is 
extended  to  410.0  nm  when  the  excitation  wavelength  is  398.2  nm,  as  shown  in 
Fig.  5.  Note  that  for  439  nm  excitation,  little  else  is  seen  besides  lumi¬ 
nescence  of  bulk  ZnSe. 

ELECTRIC-FIELD-DEPENDENT  LUMINESCENCE  SPECTRA 


If  we  irradiate  the  structure  of  Fig  6  (insert)  through  a  gold  semi¬ 
transparent  electrode  using  monochromatic  light,  the  band-to-band  transition  is 
excited.  The  very  high  absorption  coefficient  of  MgxZni_xSe  at  3650  A 
(i  105/cm)  indicates  that  only  the  near  surface  region  is  excited.  The 
equations  describing  the  electron  and  hole  currents  in  graded-band-gap 
material,  assuming  space-charge  free  inhomogeneous  semiconductors  [5,  6]  give 
the  effective  field  equations  which  contains,  the  usual  electric  field  (E)  term 
(determined  by  the  applied  voltage),  plus  terms  proportional  to  the  band  edge 
and  effective-mass  gradients.  At  thermal  equilibrium,  with  E  =  0,  the  ordinary 
diffusion  term  and  the  extra  term  just  balance  out  in  each  equation.  For  the 
funnel-shape  graded  band-gap,  carriers  of  both  signs  will  move  towards  the 
small  gap  region  (ZnSe),  due  to  the  extra  diffusion  terms  which  depend  on  the 
gradient  of  the  band  edges.  Fig  6  shows  the  photoluminescence  spectra  of 
MgxZnj.xSe-ZnSd  heterostructures  with  a  diffusion-type  profile  of  composition 
vs  depth.  The  PL  was  excited  by  a  Hg  line  (365  nm)  through  a  gold  semi¬ 
transparent  contact  at  liquid  nitrogen  temperature  (77  K).  Curve  6a  shows  the 
PL  spectrum  with  no  voltage  applied  to  the  contacts.  This  spectrum  exhibits 
three  maxima  at  423  nm,  422.4  nm  and  462.8  nm.  Fig  6  b,  c,  d,  shows  the  PL 
spectra  with  different  voltages  applied  across  the  crystal  between  the  gold 
electrode  and  the  indium-mercury  amalgam  electrode.  The  effect  of  applying  an 
electric  field  was  to  shift  the  first  peak  to  shorter  wavelengths  and  to  reduce 
the  intensities  of  two  longer-wave  length  bands  when  the  magnesium- rich  end  of 
the  crystal  (Au  contact)  is  held  at  a  negative  potential.  Spectra  b,  c,  d, 
were  recorded  at  the  same  photo  excitation  intensity  as  spectrum  a,  but  with 
applied  voltage  of  lOOV,  130V,  and  150V,  respectively.  The  luminescence  Inten¬ 
sity  decreases  for  all  peaks,  but  does  so  much  faster  for  peaks  in  the  longer 
wave-length  area  of  the  spectrum  (peaks  at  442.4  nm  and  462.8  nm).  At  150 
volts  the  shortest  wavelength  emissions  under  an  applied  electric  field 
increase  and  shift  7  meV  to  shorter  wavelength  as  originating  from  field- 
enhanced  positive  hole  transport  between  regions  with  different  band  gaps,  and 
the  field  enhanced  diffusion  of  holes  to  the  surface  region,  respectively 
[5-8].  The  spectral  shift  i  (hv)  in  the  high-field  limit  for  constant  gradient 
dEg/dx  is  [8]: 


fl(hv)  =  E  ppip 


(Z) 


where  pp  and  ip  are  the  hole  mobility  and  lifetime.  E  is  the  field,  and  Eg  the 
band  gap.  Taking  =  44  (cm^/Vsec),  tp  =  2  x  lO”^  sec  [9,  10],  an  average 
electrode  field  E  =  3.6  x  103  [V.cm],  and  constant  gradient  dEg/dx  =  22  (eV/cm) 
we  obtain  the  spectral  shift  6(hv)  =  7  meV. 


CONCLUSION  AND  DISCUSSION 


The  bandgap  of  Mg^Zoi.^Se  was  computed  as  a  function  of  composition  using 
calculated  bowing  parameter  b  =  0.29  eV.  The  solid  solutions  of  Mg^Zni-xSe 
were  formed  by  solid-state-diffusion  closed  tube  technique  over  a  wide  range  of 
X.  The  depth  profiles  of  the  diffusion  region  determined  by  using  an  X-ray 
microprobe  technique  is  complex.  The  transition  region  profile  is  approximated 
by  the  complementary  error  function,  from  which  the  diffusion  constant  was 
estimated  to  be  4.3  x  lO'l^cm^sec'l  (at  980”C).  The  PL  spectra  excited  with  a 
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wide  range  of  excitation  energy  shifts  the  shorter  wavelength  band  toward 
longer  wavelengths  with  decreasing  excitation  energy,  while  the  edge  emission 
in  ZnSe  remains  at  the  same  position.  The  nature  of  the  excitation  of  the  edge 
emission  using  a  wavelength  of  365  nm  is  related  to  the  funnel-shaped  graded 
bandgap.  In  such  structure  carriers  of  both  signs  created  by  photoexcitation 
on  the  skin  of  the  mixed  crystal  move  towards  the  small  bandgap  region  because 
of  the  extra  diffusion  terms,  which  depend  on  the  gradient  of  the  band  edges. 

The  PL  spectra  of  Mg^Zn^.^Se  sample  (SI)  prepared  by  magnesium  diffusion 
without  zinc  overpressure  shows  a  very  broad  emission  band.  In  contrast  with 
the  above  results,  the  sample  prepared  by  diffusing  Mg  in  the  presence  of 
excess  Zn  exhibits  narrow  band  emission  obtained  with  excitation  from  a  Kr  + 
laser  (-413  nm),  as  was  described  in  our  previous  paper  [1].  The  observed 
spectral  features  in  the  Mg-doped  regions  are  influenced  by  the  usual 
broadening  from  the  alloy  disorder,  as  well  as  a  broadening  from  the  gradient 
in  Mg  concentration  across  the  excited  region  of  the  sample  (width  16-30  meV). 
This  means  that  the  bare  electronic  shape  of  the  edge  emission  in  the 
Mg^Zni-xSe  material  (obtained  by  diffusion  of  Mg  +  Zn)  could  be  quite  sharp,  as 
required,  for  example  for  an  exciton  transition  at  low  temperatures.  Further, 
this  peak  remains  strong  in  the  PL  spectrum  of  MgyZo^.^Se  all  the  way  up  to 
room  temperature,  which  is  usually  not  observed  for  peaks  such  as  exciton  tran¬ 
sitions  related  to  shallow  defect  centers. 

The  broad  emission  band  observed  in  this  paper  can  be  caused  by  :  (a)  the 
higher  alloy  disorder  created  by  Mg  diffusion  into  the  ZnSe  crystals  without 
overpressure  of  Zn,  (b)  a  significant  change  in  bandgap  which  occurs  in  the 
finite  thickness  of  crystal  form  which  light  is  emitted.  The  broadening  due  to 
the  latter  effect  results  from  the  depth  of  penetration  of  excited  radiation 
into  the  crystal,  diffusion  of  excitons  and  free  carriers  to  a  narrower  bandgap 
region,  and  reabsorption  of  light  in  the  graded  semiconductor.  Finally,  the 
electric  field  dependent  photo-luminescence  spectra,  which  shows  a  shift  toward 
short  wavelength  with  increasing  field  and  an  attenuation  of  the  longer  wave¬ 
length  emission,  can  be  explained  on  the  basis  of  graded  crystal  properties. 

The  mechanism  involves  the  transport  of  minority  carriers  between  regions  of 
different  bandgap.  The  direction  of  the  shift  is  such  that  the  carriers  must 
be  holes  recombine  nonradiatively.  Homogenous  MgxZnj.xSe  material  would  be  a 
suitable  candidate  for  the  realization  narrow  band  LED's  for  the  violet-UV 
wavelength  range  [1]. 
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ABSTRACT 

ZnSe,  ZnTe  and  ZnSe-ZnTe  strained-layer  superlattices  (SLS's)  have 
been  successfully  grown  by  atomic  layer  epitaxy  (ALE)  using  molecular  beam 
epitaxy  (MBE-ALE).  The  Ideal  ALE  growth,  i.e..  one  monolayer  per  cycle  of 
opening  and  closing  the  shutters  of  the  constituent  elements,  was  obtained 
for  ZnSe  in  the  substrate  temperature  range  of  250-350t>C.  However,  for 
ZnTe,  precise  control  of  the  Te  beam  intensity  is  ne,-ded  to  obtain  the  AI.E 
growth.  Optical  properties  of  the  (ZnSe)i-(ZnTe)i  SLS  were  evaluated  by 
photolumlnesence.  ZnSe  films  were  also  grown  by  ALE  using  metalorganic 
molecular  beam  epitaxy  (MOMBE-ALE).  Dlethylzinc  (DEZn),  diethylsulfur  (DES) 
and  diethylselenlum  (DESe)  were  used  as  source  gases  for  Zn,  S  and  Se. 
respectively.  The  ALE  growth  of  ZnSe  was  achieved  at  substrate  temperature 
between  250  and  SOO^c  which  is  about  ISO^C  lower  than  that  for  the 
conventional  MOMBE. 


I.NTRODUCTION 

II-VI  compound  semiconductors,  especially  strained-layer  superlattices 
(SLS's)  consisting  of  ZnS,  ZnSe  and  ZnTe.  are  promising  for  light  emitting 
devices  in  the  visible  wavelength  region.  We  have  been  investigating  the 
properties  of  ZnSe-ZnTe  SLS’s  prepared  by  MBE  for  several  years  and 
obtained  the  following  results:  (1)  The  luminesence  color  changes  from 
blue-green  to  red  by  tailoring  the  structure  of  the  superlattice  |1).  (2) 
The  lattice  mismatch  in  the  SLS’s  is  accommodated  by  tetragonal  distortion 
of  the  crystal  lattices  of  the  constituent  materials  with  the  thickness 
below  the  critical  layer  thickness  (2).  (,1)  The  Sl.S  with  modulation  doping 
of  ZnTe  with  Sb  and  ZnSe  with  Ga  exhibit  p-  and  n-type  conductivity, 
respectively,  with  a  carrier  concentration  of  about  1x10^“*  cm”3  13]. 
However,  the  obtained  carrier  concentration  is  still  too  low  for  practical 
device  applications.  We  have  clarified  factors  degrading  the  SLS  quality 
14,51.  The  factors  degrading  optical  and  electrical  properties  of  the 
SLS’s  are  (1)  structural  degradation  at  growth  temperature 
( interdiffusion) ; (2)  thermal  diffusion  of  impurities  in  the  SLS’s  and  (3) 
poor  interface  abruptness  and  uniformity  and  irregularity  in  the 
superlattice  period.  We  have  found  that  the  Interdiffusion  of  the 
constituent  materials  and  the  thermal  diffusion  of  impurities  were  not 
main  factors  degrading  electrical  properties.  To  solve  the  third  problem, 
atomic  layer  epitaxy  was  employed  to  grow  SLS’s  |6). 

In  this  paper,  we  present  the  detailed  ALE  growth  conditions  of  ZnSo 
and  ZnTe  and  growth  of  ZnSe-ZnTe  SLS’s.  In  the  ZnSe-ZnTe  SLS  systems  their 
photolumlnescence(I’L)  peak  energies  cover  the  region  from  blue-green  to 
red.  However,  to  obtain  much  shorter  wavelength,  for  pure  blue  color,  we 
have  to  use  S.  In  MBE,  if  we  use  two  different  kinds  of  high  vapor 
pressure  source  materials,  especially  S  and  Se,  we  suffer  from  elemental 
cross  contamination.  Thus,  metalorganic  molecular  beam  epi taxy(MOMBE)  Ls 
found  to  be  a  powerful  epitaxial  growth  method  for  the  superlattice 
systems  consisting  of  ZnS,  ZnSe  and  ZnTe  |7|.  Preliminary  results  of 
MOMBE-ALE  growth  of  ZnS  and  ZnSe  are  reported  for  the  first  time. 
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GROWTH  AHD  CHARACTERIZATION  OF  ZnSe  AND  ZnTe  BY  MBF.-Al.F. 


Growth  system 

A  conventional  MBE  system  with  solid  sources  was  used  for  ALE  growth 
of  ZnSe  and  ZnTe.  Three  K-cells  contained  elemental  sources  for  Zn,  Sc 
and  Te,  and  shutter  above  each  cell  was  manipulated  with  a  stepping  motor 
controlled  by  a  personal  computer.  The  shutters  of  Zn  and  chal cogens  were 
alternately  opened  and  closed  with  an  interval  of  1  sec. 


ALE  ZnSe 

ZnSe  layers  were  grown  on  (lOO)GaAs  substrates.  The  shutter  sequence 
is  one  of  the  most  Important  parameters  for  successful  ALE  growth.  Wo  grew 
several  ZnSe  samples  by  ALE  with  various  durations  of  Zn  supply.  Figure  1 
shows  the  ZnSe  film  thickness  as  a  function  of  duration  of  Zn  supply  for 
substrate  temperature  of  250°C.  It  shows  that  ideal  ALE  growth  (one 
monolayer  per  cycle)  is  obtained  for  the  Zn  supply  duration  of  4-7  see. 
However,  at  14  sec,  the  thickness  is  much  larger  than  that  expected  for  the 
ALE  growth. 

We  also  investigated  the  growth  rate  per  cycle  as  a  function  of 
substrate  temperature  (see  Fig.  10).  The  growth  of  one  monolayer/cycle 
condition  is  achieved  In  the  substrate  temperature  range  of  250-350OC. 
Below  200°C  the  growth  rate  decreases  rapidly  with  increasing  growth 
temperature,  while  above  SSO^C  it  decreases  gradually  due  to  desorption. 

We  deposited  Zn  and  Se  thin  films  on  glass  substrates  at  room 
temperature  in  order  to  calculate  the  beam  intensity.  The  calculated  number 
of  Zn  and  Se  atoms  impinging  on  the  substrate  during  supply  (7  sec  for  Zn 
and  Se)  are  8.3iVs  and  83Ns,  respectively,  where  Ns  is  the  surface  density 
of  Zn  or  Se  site  (6.22xl0^^cm“2) .  The  calculated  number  of  atoms  impinging 
on  the  surface  per  cycle  Is  much  larger  than  the  surface  density  of  Zn  or 
Se  site.  Thus  deposition  of  Zn  and  Se  atoms  must  automatically  stop  when 
deposition  of  one  monolayer  is  completed.  However,  as  shown  in  Fig.  1, 
when  the  Zn  supply  duration  exceeds  7  sec.  the  deposition  rate  rapidly 
increases,  which  indicates  that  excess  Zn  atoms  are  not  quickly  removed 
from  the  surface  during  an  interval  of  1  sec. 

We  achieved  drastic  improvements  in  the  surface  flatness  and  the 
optical  properties  of  ZnSe  films,  in  contrast  to  ZnSe  films  by  the 
conventional  MBE.  The  NomarskI  microscope  observation  shows  good 
morphology  without  any  features  for  the  samples  grown  at  250  and  300"C. 
We  also  observed  very  fine  streaky  RHEED  patterns  for  these  samples.  For 
the  samples  grown  at  substrate  temperatures  above  400°C  or  below  200°C, 
poor  surface  morphology  was  observed. 

Optical  properties  of  the  ALE  ZnSe  films  were  studied  by  PL  at  4.2K. 
The  PI.  spectra  of  the  samples  grown  at  200  and  250°C  are  dominated  by  the 
donor-bound  exciton  emission  ;l2-  However,  for  substrate  temperature  above 
300°C,  a  deep-level  emission  is  dominant.  The  PL  spectra  of  the  ALE  ZnSe 
as  a  function  of  the  Zn  supply  duration  are  shown  in  Elg.  2.  The  strongest 
l2-line  emission  Is  observed  for  the  supply  duration  of  7  sec.  The  deep- 
level  emission  is  suppressed  for  shorter  Zn  supply.  Although  the  Al.E 
growth  is  corafirmed,  the  PL  spectrum  of  the  sample  grown  with  the  Zn  supply 
duration  of  4  sec  is  dominated  by  the  deep-level  emission.  The  number  of 
Zn  atoms  impinging  on  the  surface  Is  probably  one  of  key  parameters 
affecting  the  film  quality,  even  if  the  ALE  growth  condition  is  satisfied. 
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OPENING  TIME  OF  Zn  SHUTTER  (sec/cycle) 


Klg,  1  The  dependence  of  the  film 
thickness  of  ALfc'-ZnSe  against  the 
Zn  supply  duration.' 
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Pig,  2  PL  spectra  of  .Al.E-ZnSe 
varying  the  Zn  supply  duration. 


,\LE  ZnTe 

We  also  grew  ZnTe  by  MBE-ALE.  The  ZnTe  films  were  deposited  on 
(IQO)lnP  .substrates.  The  shutter  sequence  was  the  same  ns  that  for  the  ALE- 
ZnSe  (7  .sec  of  Zn  and  Te  supply  and  1  sec  of  Interval  1.  The  dependence  of 
the  ZnTe  layer  thickness  on  growth  temperature  is  shown  In  Fig.  3 
(indicated  with  circles).  The  Ideal  ALE  growth  is  achieved  in  the 
substrate  temperature  range  of  240'280°C.  The  temperature  range  to  obtain  a 
monolayer  per  cycle  Is  narrower  for  ZnTe  than  that  for  ZnSe,  because  vapor 
pressure  of  ZnTe  is  about  two  orders  of  magnitude  higher  than  that  of  ZnSe. 

The  growth  rate  of  ZnTe  as  a  function  of  the  Te  beam  intensity  at 
growth  temperature  of  24QPC  is  shown  In  Fig.  4.  The  thickness  of  the  ZnTe 
film  is  affected  by  the  Te  beam  Intensity,  which  suggests  that  deposition 
of  Te  atoms  does  not  automatically  stop,  and  that  the  Te  layer  thlckne.s.s 
exceeds  one  monolayer  for  certain  beam  Intensities.  This  may  be  due  to  low 
vapor  pressure  of  Te.  which  Is  three  orders  of  magnitude  lower  than  that  of 
.Se. 
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Surface  morphology  and  RHKKD  patterns  of  /.n'fe  samples  grown  uj-der 
various  Te  beam  Intensities  were  studied  |8|.  The  surfaces  are  very 
specular  for  the  samples  with  the  thickness  below  2800A  (1000  cycles). 
However,  the  surface  morphology  rapidly  degrads  with  hillocks,  and  KHKhl) 
patterns  show  rings  when  the  deposition  rate  exceeds  one  monolayer/cyclc. 
The  number  of  hillocks  is  varied  by  the  Te  beam  intensity.  The  hillocks  may 
be  caused  by  Te  precipitates. 

Strictly  speaking,  the  growth  condition  necessary  to  obtain  good 
crystallinity  Is  not  the  same  as  the  ideal  ALE  growth  condition  for  ZnTe. 
If  we  adjust  the  Te  beam  intensity  to  achieve  the  ideal  ALE  growth  (one 
monolayer  per  cycle),  surface  morphology  and  crystallinity  are  degraded  by 
hi  1  locks , 

In  order  to  obtain  high-quality  films,  we  grew  ZnTe  with  the  low  Te 
beam  intensity.  Fig.  3  also  shows  the  growth  rate  of  AI.E-ZnTc  against 
substrate  temperature  for  Te  supply  of  1.9Ns  (indicated  with  squares), 
which  is  smaller  than  that  Indicated  with  circles.  The  dependence  of  layer 
thickness  on  substrate  temperature  indicated  with  squares  is  similar  to 
that  for  the  MBE  growth.  However,  for  these  samples,  good  surface 
morphology  could  be  obtained  without  hillocks.  Especially,  the  film  grown 
at  temperature  of  260°C  has  excellent  surface  morphology. 


SUBSTRATE  TEMPERATURE  (IC)  Te  BEAM  INTENSITY  (mol/h  cm') 


Eig.  3  Film  thickness  of  AI.E-ZnTe  Eig.  4  Film  thickness  of  Al.E-ZnTe 

varying  substrate  temperatures.  varying  Te  beam  intensities. 

The  samples  indicated  with  circles 

and  squares  were  grown  under  (Zn.Te) 

supply  of  (54Ns.H.7Ns),(llNs,1.9Ns). 

respectively. 
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OPTICAL  PROPERTIES  OP  ZnSe-ZtiTe  STRAINED  LAYER  SUPERLATTICES 

(ZnSc)j|- (ZnTe)n  (iii,n=l-4)  SLS's  were  grown  on  InP  substrates  at  260OC, 
which  is  about  60°C  lower  than  that  for  the  conventional  MBE.  Wo  reported 
that  the  PL  intensity  of  the  Sl.S  grown  by  ALE  is  more  than  ten  times  higher 
than  that  of  the  SLS  grown  by  the  conventional  MBE  due  to  drastic 
improvements  in  the  abruptness  and  flatness  at  the  ZnSe-ZnTe  interface  (6|. 
In  this  paper,  we  report  the  PL  spectra  of  the  (ZnSe) j - IZnTe) j  monolayer 
superlattice. 

The  PL  peak  energy  of  the  monolayer  superlattice  is  very  sensitive  to 
the  layer  thickness  of  ZnTe.  If  one  shutter  sequence  provides  enough  atoms 
to  cover  one  monolayer  on  the  surface,  then  the  ALE  growth  should  be 
obtained  regardless  of  the  beam  intensities.  Rut,  in  our  experimental 
results,  the  thickness  of  the  ZnTe  film  was  influenced  by  the  Te  beam 
intensity.  Figure  5  shows  the  PL  spectra  of  the  (ZnSe) i - (ZnTe ) ]  monolayer 
superlattice  grown  with  various  To  beam  intensities.  As  the  Te  beam 
Intensity  increases,  the  PL  peak  energy  shifts  to  lower  energy,  approaching 
the  effective  bandgap  of  the  (ZnSe)i-(ZnTo)| .  This  indicates  that  the 
deposited  Te  monolayer  has  poor  uniformity  over  the  area  for  all  the  Te 
beam  intensities  studied  in  our  experiments. 

However,  the  measured  SLS  thickness  agrees  with  the  sum  of  the 
thicknesses  of  ZnSe  and  ZnTe  assuming  the  ALE  growth  of  each  layer. 
Although  detailed  structures  of  these  samples  have  not  been  evaluated  at 
present,  we  speculate  that  the  overlaid  ZnSe  covers  "holes”  of  ZnTe  layers 
created  by  desorption  of  Te  i.s  shown  in  Fig.  6. 

Figure  7  shows  the  PL  spectra  of  a  750-pcrlod  (Z.nSe )  ]  -  ( ZnTe )  j 
monolayer  superlattice  at  temperatures  from  4.2K  to  BOOK.  It  should  be 
noted  that  green-yellow  luminescence  is  observed  even  at  room  temperature. 
Two  luminescence  peaks  are  observed  between  4.2K  and  140K.  The  peak  at 
higher  energy  become  weak  with  increasing  lenperaturc.  By  curve- f i it i ng 
with  the  sum  of  two  gaussians,  the  positions  of  the  two  peaks  observed  at 
4.2K  are  olOnm  (2.43eV)  and  538nm  (2.30eV).  The  two  peaks  can  be  associated 
with  S]  and  S2  bands,  which  arc  regarded  as  the  recombinations  of  excitons 
trapped  at  To  atoms  and  Te^  clusters,  respectively  |9), 


WAVELENGTH  (nm) 


lig.  7  Tomperaluro  dependence  of 
PI  spectra  of  (ZnSe) | - (ZnTe) ] 
monolayer  siiperlatlice. 


GROWTH  OK  ZnSe  AM)  ZnS  BY  TO*IBK-AI,K 

The  Inminescence  wavelencth  of  the  ZnS-ZnSe  Sl.S  covers 
wavelength  range  (B . 7-.T . 5eV ) .  We  studied  the  optical  properties 
SIS  system  grown  hy  WIMBK  (7|,  and  the  PI,  peaks  of  these  Sl.S' 
to  be  broad,  due  to  large  roughness  of  the  Z.nS/ZnSe  interface 
interface  smoothness,  the  atomic  layer  epitaxy  (AIK)  le 
employed. 


the  short 
of  ZnS-ZiiSe 
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Growth  system 

Figure  8  shows  a  MOKBK  growth  system  used  in  this  work,  which  consists 
of  two  vacuum  chambers;  a  growth  chamber  and  a  vent  chamber.  The  source 
gases  flow  into  the  vent  chamber  before  and  after  the  growth  and  also 
during  intervals.  The  base  pressure  of  the  main  chamber  is  about  2x10“*^ 
Torr.  Diethylzinc  (DEZn),  diethylsulfur  (DHS)  and  diethylselenium  (l)KSe) 
were  used  as  source  gases  for  Zn.  S  and  Se.  respectively.  Hydrogen  was  used 
as  carrier  gas  for  the  metalorganic  sources.  The  pyrolysis  of  DEZn,  DES  and 
DESe  was  carried  out  in  cracking  cells  at  the  outlet  of  the  tube. 

ZnSe  f'lms  were  grown  on  (lOO)Ga.(\s  substrates,  while  ZnS  films  were 
grown  on  (lOO)GaP  substrates.  The  cracking  temperatures  of  DtlZn.  DES  and 
DESe  were  750°C.  850°C  and  700*>C.  respectively. 

Growth  ^  ZnSe  and  ZnS  by  MOMBE-ALE 

Figure  8  shows  a  gas  flow  sequence  during  the  AI.E  growth  of  ZnS  and 
ZnSe.  The  air  valves  contro’  the  gas  flow.  Each  metalorganic  gas  flows  for 
10  sec  Ic  deposit  one  monolayer.  The  interval  time  is  2  sec.  The  number  of 
1(100  cycles  was  used  in  all  experiments.  The  .substrate  temperature  was 
varied  between  200  and  450°C,  The  typical  gas  flow  rales  for  the  AI.E 
growth  were  3.3x10"^  mol/min  (DES  and  DH.Se)  and  4.9x10"”  moi/min  (DEZn). 
These  flow  rates  are  10  times  larger  than  that  for  the  convent  i  orial  MOMBE 
growth. 

Fig.  10  shows  the  substrate  temperature  dependence  of  the  ZnSe  film 
t  h  l(;kno.s.s .  In  this  figure,  we  see  a  flat  region  independent  of  substrate 
temperature,  and  the  growth  rate  in  the  flat  region  is  exactly  one 
monolayer  per  cycle.  From  this  result,  we  conclude  that  the  Al.F,  growth  can 
be  achieved  at  substrate  temperafre  from  225  to  300”C.  which  is  aliout 
130“G  lower  than  the  optimum  substrate  temperature  in  the  conventional 
'lO'IBF.  At  substrate  temperatures  lower  than  225'’r.  the  films  are  thickc'r 
than  1000  monolayers.  In  this  temperature  range,  deposition  of  Zn  atoms  on 
Zn  atoms  cannot  be  avoided.  While,  at  growth  temperature  higher  than  300“t . 
the  surface  morphology  becomes  degraded  and  the  film  thickness  dc'crc-ase;. 
because  of  Se  desorption.  These  results  are  very  similar  to  those  obtained 
for  the  'IBK-MF  ZnSe. 


Fig.  H  MOtlllF  growth  system. 
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i'ig.  9  Gas  flow  sequence  in  MOMHK- 
ALE  growth. 


I'ig.  10  Kilm  thickness  of  Zn.Se 
!>>'  MBK-AI.K  and  'lO.'tIBK-Ai.E  against 
substrate  lomporalures . 


I’i.  measurements  were  carried  out  at  77K  for  the  ZnSe  films  grown  by 
MOilBE-Al.E.  However,  the  excitonic  emission  intensity  is  very  weak,  and  the 
deep-level  luminescence(500-750nra)  is  dominant  for  all  the  studied 
substrate  temperature  range,  as  shown  in  Kig.  It.  The  sample  deposited  at 
4S0°C  exhibits  a  strong  donor-acceptor  pair  (DA)  emission,  probably  due  to 
the  Ga  diffusion  from  GaAs  substrates. 

The  optical  properties  of  the  AI.E-ZnSe  arc  very  sensitive  to  the  Zn 
beam  intensity.  The  optimization  of  the  deposition  condition  is  in 
progress.  Another  factor  that  degrades  the  MOMBE-AI.E  ZnSe  is  impurities 
from  gas  sources.  The  number  of  source  gas  molecules  Impinging  on  the 
growing  surface  is  about  10  times  larger  than  that  for  the  conventional 
HOMBE.  The  decomposition  of  metalorganic  source  is  also  critical  to  obtain 
high  quality  ALE-ZnSe.  In  the  experiments,  cracking  temperature  of  DEZn  was 
7.5()*’C,  which  is  not  enough  high  for  decomposition  of  DEZn.  Actually,  we 
observed  the  excitonic  emission  for  the  conventional  MOMBE  ZnSe  films  grown 
at  higher  substrate  temperature,  and  the  excitonic  emission  became  strong 
with  increasing  substrate  temperature  for  MOMBE-Al.E. 

We  also  made  Al.E  growth  of  ZnS  at  substrate  temperature  of  200°C.  The 
typical  deposition  rate  of  the  conventional  MOMBE  ZnS  is  1000-2000A/h .  The 
gas  flow  rate  of  DES  was  set  to  about  4  times  larger  than  that  for 
conventional  MOMBE.  We  obtained  epitaxial  films  with  smooth  surfaces,  but 
the  obtained  deposition  rate  (0.2  monolayer/cycle)  was  much  less  than  the 
ideal  Al.E  growth.  We  speculate  that  the  low  deposition  rate  is  due  to  low 
cracking  efficiency  of  DES  and  due  to  much  higher  vapor  pressure  of  S  than 
that  of  Se. 
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Fig.  11  PL  spectra  of  .'lOMBK-.^LK-ZnSe 
with  various  =ut)Stralo  temperature. 


CONCI.LSIOSS 

ZnSe  and  ZnTo  films  have  been  gtown  by  MBK-M.F.  ideal  growth  was 
obtained  at  the  substrate  temperature  range  of  250-:)50VC.  The  PI,  spectra 
and  surface  morphology  of  these  films  are  much  superior  to  those  of  ZnBe 
films  by  the  conventional  MBE.  For  ZnTe,  high  intensity  of  Te  beam  is 
essential  to  obtain  monolayer  growth,  but  surface  morphology  degrades  with 
hillocks,  which  may  consist  of  Te  precipitates.  The  PI,  measurements  of  the 
( ZnSe ) (ZnTe 1 1  monolayer  superlattice  indicate  the  poor  uniformity  of  Te 
monolayers. 

We  have  also  grown  ZnSe  by  MO!*iBli-Al,F.  ideal  .AI.F  growth  of  Zn.Se  was 
obtained,  but  optimization  of  the  growth  condition  is  in  progress  to 
enhan- e  the  optical  properties.  For  ZnS,  low  cracking  efficiency  of  DFS 
gives  difficulty  realizing  monolayer  growth. 
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GROWTH  OF  LATTICE-MATCHED  ZnSe-7nS  STRAINED-LAYER  SURE R L AT T I CES 
ONTO  GaAs  AS  AN  ALTERNATIVE  TO  ZnSSe  ALLOYS 
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Department  of  Electrical  and  Electronics  Engineering.  Faculty  of 
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AbS i RACT 

This  paper  describes  the  results  of  the  first  attempt  to 
reduce  misfit  dislocations  in  epilayers  of  a  wide  bandgap  II-VI 
semiconductor  on  GaAs  substrates  by  utilizing  the  ZnSe-ZnS 
s t r a  i  ned - i ay e r  superlattice  (SLS)  structure.  From  a  theoretical 
calculation.  SLSs  consisting  of  a  200A-ZnSe  and  a  lOA-ZnS  layer 
in  one  period  can  be  grown  as  1  a 1 1 i ce -ma t c hed  films  to  GaAs  sub¬ 
strates.  It  has  been  found  from  the  phot o 1 um i ne s c e nee  measure¬ 
ments  and  e 1 ec t ron-beam- i nduced-cur rent  (EBIC)  image  observations 
that  the  gene'-ation  of  misfit  dislocations  can  be  markedly  re¬ 
duced.  as  expected. 


1 nt  roduct ion 


Zinc  selenide  is  a  semiconductor  with  a  direct  wide  band- 
gap  of  2.  67eV  at  room  temperature  (R.  T.  )  and  is  a  promising 
material  for  the  fabrication  of  blue-light  emitting  devices. 
However,  several  problems  must  be  solved  to  realize  such  de¬ 
vices.  One  of  these  problems  is  that  caused  from  the  lattice 
mismatch  between  ZnSe  and  substrates.  ZnSe  epilayers  are  usual¬ 
ly  grown  on  GaAs  substrates  which  have  a  little  lattice  mis¬ 
match  of  0.26  (at  R.  T.  )  with  ZnSe.  since  "  s  ubs  t  r  a  t  e  -  qu  a  1  i  t  y  " 
ZnSe  bulk  crystals  can  not  be  obtained  at  present.  Although  the 
lattice  mismatch  is  as  small  as  0.  26H  at  R.  T.  .  it  is  well  known 
that  It  causes  misfit  dislocations  which  degrade  the  quality  of 
ZnSe  epilayers.  For  instance,  such  dislocations  create  trap¬ 
ping  centers  and/or  deep  luminescence  centers  in  ZnSe  epilay¬ 
ers.  Ml  In  order  to  control  electrical  and  optical  properties 
of  ZnSe  films,  the  problem  arising  from  the  lattice  mismatch 
must  be  overcome.  The  way  to  solve  this  problem  is  to  lat¬ 
tice-match  epilayers  to  GaAs  substrates.  Many  attempts  to 
grow  lattice-matched  ZnSSe  alloys  onto  GaAs  substrates  have 
been  carried  out  |2l  .  [3].  (4). 

We  propose  a  new  idea  to  overcome  the  problem  caused  from 
lattice  mismatch,  utilizing  the  ZnSe-ZnS  superlattice  structure 
as  an  alternative  to  ZnSSe  alloys.  In  the  case  of  ZnSe-ZnS 
s upe r 1  a 1 1 i ces  (SLSs).  the  average  lattice  constant  of  the  SLSs 
can  be  1  at t  i  ce -mat c hed  to  GaAs  when  each  layer  thickness  is 
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appropriate.  Because  2nSe  has  a  larger  lattice  constant  and  ZnS 
has  a  smaller  one  than  does  GaAs. 

In  the  present  study,  1  a 1 1 i ce -ma t c hed  ZoSe-ZnS  SLSs  onto 
GaAs  were  grown  by  metalorganic  molecular  beam  epitaxy  (MOMBE). 
P h o t o 1  urn i ne s c e n c e  measurements  were  performed  to  investigate 
the  strain  in  the  ZnSe  layers  of  the  SLSs.  Fuiihermore.  elec¬ 
tron-beam-induced-current  (EBIC)  image  observations  were  car¬ 
ried  out  to  observe  such  defects  in  both  the  SLSs  and  ZnSe 
epilayers  on  GaAs.  It  has  been  found  from  these  studies  that 
misfit  dislocations  can  be  significantly  reduced. 


Experiment 


ZnSe-ZnS  SLSs  were  grown  by  MOMBE  uo.ng  d i m e t h y 1 2  i  n c 
(DMZn),  H2Se  and  H2S  as  source  ma t e r i a  1 s  (5 1  .  [F]  .  The  source 
materials  were  introd"ced  into  the  reactor  without  any  carrier 
or  buffer  gases.  The  flow  rates  of  H2Se  and  H2S  were  con¬ 
trolled  by  a  mass  flow  controller  (MFC),  while  that  of  DMZn  was 
,;ontrolled  by  a  variable  leak  valve  and  monitored  by  a  mass 
flow  meter.  The  cracking  of  the  source  gases  was  carried  out 
at  temperatures  of  about  900°C  for  DMZn  and  about  700°C  for 
H2Se.  However,  H2S  was  not  cracked  in  this  study,  since  sulfur 
corrodes  the  Ta  he-'ter  of  cracking  cells.  ZnSe  and  ZnS  layers 
were  alternatively  grown  by  using  c ompu t e r - c on t r o 1 1 e d  valves 
and  a  shutter  placed  in  the  path  of  gas  beams. 

ZnSe-ZnS  SLSs  were  characterized  mainly  by  X-ray  diffrac¬ 
tion  study  and  pho t o 1  urn i nescence  measurements  at  18  K.  For  the 
EBIC  observations,  n^-GaAs  were  used  as  substrates.  After  the 
film  growth,  transparent  Au  dots  were  deposited  on  the  surface 
of  both  SLSs  and  ZnSe  films  to  form  Schottky  contacts.  The 
electron  beam  was  injected  through  the  electrodes  into  the 
samples  at  an  accelerating  voltage  of  20  keV. 


Results  and  Discussions 

The  average  lattice  constant  of  SLSs  (^av^* ’  *hich  is 
parallel  to  the  interface,  is  calculated  from  a  following 
equation  (7]  : 

®//av  =  ®ZnSe  ' '  '  '  ^''ZnSe'^ZnSe^'^ZnS^Zns' ^  ■ 

where  a^nSe  ®ZnS  unstrained  lattice  constants  of 
ZnSe  and  ZnS,  respectively,  and  f  is  the  lattice  mismatch 
between  ZnSe  and  ZnS.  *uznSe  *^ZnS  shear  moduli  of  ZnSe 
and  ZnS,  respectively.  As  is  found  from  this  equation.  the 
average  lattice  constant  is  determined  by  the  ratio  of 
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‘^ZnS^'^ZnSe'  Substituting  the  lattice  constant  of  GaAs  into  the 
equation,  it  has  been  found  that  the  average  lattice  constant 
of  the  SLSs  matches  to  that  of  GaAs  when  the  ratio  becomes 
0.05.  However  each  layer  thickness  must  be  carefully  deter¬ 
mined,  since  the  crystallinity  of  SLSs  depends  on  each  layer 
thickness.  So.  we  have  determined  each  layer  thickness  as  200  A 
for  ZnSe  layers  and  10  A  for  ZnS  layers,  taking  into  account 
the  critical  thicknesses  of  ZnSe  and  ZnS  films  which  are  each 
grown  on  GaAs.  When  GaAs  substrates  are  used.  ZnSe  layers  in 
SLSs  can  be  grown  coherently  onto  GaAs  up  to  1 500A,  which  is 
the  critical  thickness  of  the  ZnSe  films  on  GaAs.  Unlike  the 
case  of  ZnSe  films  on  GaAs,  ZnS  critical  thickness  on  GaAs  is 
markedly  small,  since  the  lattice  mismatch  between  ZnS  and  GaAs 
is  as  large  as  4.4  S.  The  critical  thickness  of  ZnS  films  on 
GaAs  substrates  can  be  roughly  estimated  as  follows.  When  ZnSe 
is  grown  on  ZnS  films,  the  critical  thickness  of  ZnSe  layers  is 
reported  to  be  13  A  by  T. Yokogawa  et  al.  (8l  It  is  thought 
natural  from  their  results  that  the  critical  thickness  of  ZnS 
on  ZnSe  films  must  be  almost  the  same,  since  the  stiffness 
constants  of  ZnS  are  nearly  equal  to  those  of  ZnSe.  Moreover, 
when  ZnS  films  are  grown  on  GaAs  substrates  of  which  lattice 
constant  is  slightly  smaller  than  that  of  ZnSe.  the  critical 
thickness  of  ZnS  films  on  GaAs  is  thought  be  a  little  smaller 
than  13  A.  Moreover,  we  have  obtained  results  in  which  the 
c r ys ta 1  I i n i t y  of  SLSs  becomes  poor,  when  ZnS  layers  composing 
SLSs  are  above  about  11  A.  It  is  thought  reasonable  that  the 
value  of  II  A  is  the  critical  thickness  of  ZnS  on  GaAs.  Hence, 
we  have  determined  the  thickness  of  ZnS  layers  in  the  SLSs  as 
10  A.  When  the  thickness  of  ZnS  layers  is  10  A.  that  of  ZnSe 
layers  are  200  A,  which  satisfies  the  condition  where  the  each 
layer  thickness  becomes  0.05.  (The  structure  of  SLSs  is  de¬ 
scribed  as  (200.  lOl  here  after.  ) 

Figure  1  shows  an  X-ray 
diffraction  pattern  of  the  (200,  _ 

I0)-SLS  which  has  fifty  periods.  I 
The  period  calculated  from  the  | 
result  is  about  205  A.  which  is  in  s 
fair  accord  with  the  value  of  210 
A.  Satellite  peaks  up  to  the 
16th  order  are  clearly  observed. 

Moreover,  the  peaks  for  CuKai  and 

,  '  ,  X-ray  diffraction  patterns 

Ka2  are  separated.  It  has  been 

found  from  these  results  that  high  quality  SLSs  with 
extremely  flat  interface  can  be  grown.  It  should  be  noted 
that,  although  a®^®  is  1  a 1 1 i ce -ma t c h ed  to  GaAs  as  shown 
later,  the  0th  peak  is  observed  in  a  slight  lower-angle  posi¬ 
tion  compared  to  the  (400)  GaAs  diffraction  peak.  This  indi¬ 
cates  that  the  average  lattice  constant  normal  to  the  inter- 


face.  i.  e.  .  larger  than  that  of  GaAs,  due  to  the 

Poisson  effect  where  (NznSe^i"^®  ^  ^  <^ZnSe  "  I^Zhs’  • 

a^nSe  a^"^^  are  lattice  constants  of  ZnSe  and  ZnS  which  are 

normal  to  the  interface  .  respectively 
the  number  of  ZnSe  and  ZnS  lattices  in 
ly. 

Figure  2  shows  the  typical  photo¬ 
luminescence  spectra  of  the  SLS  grown 
on  GaAs.  The  total  thickness  of  the 
SLS  is  0.51  ^m.  The  full  width  at  half 
maximum  of  the  band  edge  emission  is  as 
narrow  as  about  9  meV.  Moreover,  the 
intensity  of  deep  level  emissions 
for  the  SLSs  is  extremely  weak.  These 
results  indicate  that  the  high  quality 
SLSs  can  be  obtained.  In  this  SLS.  the 
carrier  confinement  is  thought  to  be  of  lesser  effect,  since 
the  ZnS  barrier  layers  are  much  thinner  than  ZnSe  well  layers. 
Hence,  it  can  be  thought  that  the  photo  1 umi nescent  emission 
does  not  originate  from  the  recombination  of  carriers  between 
quantum  levels,  but  emanates  solely  from  the  ZnSe  layers  in  the 
SLS.  Furthermore,  the  reflectance  spectrum  shown  in  the  inset 
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of  figure  2  indicates  that  the  band  edge  emission  was  due  to 
recombination  of  free  excitons  in  ZnSe  layers  which  is  strained 
with  the  two-dimensional  in-plane  stress. 

The  excitonic  peak  was  shifted  to  be 
shorter  in  the  position  of  4416  A  than 
that  of  bulk  ZnSe  crystals.  This  value  is 
in  almost  agreement  with  that  of  coher¬ 
ently  grown  ZnSe  layers  on  GaAs.  4417.6 
A  [9] .  This  result  suggests  that  the  ZnS 
layers  which  are  composed  of  SLS  are 
strained  to  1  a 1 1 i ce -ma t c h  with  GaAs. 

In  order  to  confirm  further  whether 
the  SLSs  are  1  a 1 1 i ce -ma t c hed  with  GaAs  or 
not.  the  dependence  of  excitonic  peak  po¬ 
sition  in  phot 0 1  urn i nescence  on  the  total 
film  thickness  has  been  investigated. 

The  results  are  shown  in  figures  3(a) 
for  the  SLS  and  3(b)  for  ZnSe  films  on 
GaAs.  In  the  case  of  ZnSe  films,  the  peak 
position  shifts  toward  the  longer-wave- 
length  side  as  the  film  thickness 
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.ncreases.  It  is  well  known  that  this  is  ,  , 

The  total  thickness 

caused  by  lattice  accommoda t i on 1 1 0]  .  In  dependence  of  the 

contrast  to  the  case  of  ZnSe  film,  no  excitonic  peakposition 

I  LA.  ■  L  j  •  A  AL  (a)  1  a  1 1  i  ce -ma  t  c  hed  SLS 

peak  shift  is  observed  in  case  of  the 

O.  n  n  A  TL-  A  AL  A  AL  (blZoSc  film  on  GaAs. 

SLS  on  GaAs.  This  suggests  that  the 
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accommodation  process  does  not  exist  in  the  SLSs  and  the  SLSs 
are  1  a 1 1 i ce -ma t c hed  with  GaAs  substrates.  These  results  can  be 
translated  as  follows.  When  only  ZnSe  films  are  grown  on  GaAs. 
the  films  are  accommodated  through  the  generation  of  misfit 
dislocations.  However,  when  thin  ZnS  layers  are  incorporated 
periodically  into  ZnSe  layers.  ZnSe  films  can  be  uniformly 
strained  to  I  a 1 1 i c e - ma t c h  with  GaAs  without  forming  misfit 
dislocations.  In  other  words,  the  SLSs  can  be  regarded  as  the 
ZnSe  films  which  are  grown  coherently  onto  GaAs  even  up  to  1  ^m 
by  incorporating  periodic  thin  ZnS  layers.  Accordingly.  the 
generation  of  misfit  dislocation  is  though  to  be  prevented  in 
t  he  SLSs.  ,  % 

Finally.  electron  .  ".V 

beam  induced  current 
(EBIC)  image  observations 
have  been  performed  in 
order  to  confirm  a  reduc¬ 
tion  of  misfit  disloca¬ 
tions  in  the  1  aye  r . 

Figures  4(a)  and  4(b) 
show  ,.he  EBIC  images  for 

a  ZnSe  film  on  GaAs  and  Fig. 4.  EBIC 

for  the  SLSs.  respectively.  Each  sample 
2500  A.  In  the  ZnSe  film,  cross-hatched 
along  the  <110>  direction  were  observed 
4(a).  These  patterns  are  the  dislocations 


(a)  ZnSe 
GaAs 


film  on 


(b) 


latt ice-matched 
SLS 


pm 

images  < I l 0> 
is  as  thin  as  about 
patterns  which  runs 
as  shown  in  figure 
which  can  be  caused 
by  misfit  d i s 1 ocat i ons  [  M 1 .  suggesting  that  misfit  dislocations 
are  actually  generated  in  ZnSe  films  on  GaAs.  On  the  other 
hand,  these  patterns  cannot  be  observed  in  the  case  of  the 
SLSs.  Hence,  it  has  been  found  from  the  result  that  the  gener¬ 
ation  of  misfit  dislocations  is  actually  reduced  in  the  SLSs. 


Conclusion 

SLSs  consisting  of  a  200A-ZnSe  and  a  lOA-ZnS  layer  in  one 
period,  which  were  theoretically  estimated  to  be  lattice  matched 
to  GaAs.  have  been  grown  onto  GaAs  substrates  to  eliminate  the 
problem  arising  from  lattice  mismatch.  It  has  been  found  from 
the  total  film  thickness  dependence  of  the  pho t o 1  urn i ne seen t  peak 
position  that  the  SLSs  can  be  grown  coherently  on  GaAs.  Further¬ 
more.  it  has  been  shown  from  electron  beam  induced  current  obser¬ 
vations  that  the  generation  of  misfit  dislocations  can  be  remark¬ 
ably  reduced. 
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ABSTRACT 

The  Polycrystalline  Thin  Film  Solar  Cells  Program,  pan  of  the  United  States 
National  Photovoltaic  Program,  performs  R&D  on  copper  indium  diselenide  and  cadmium 
telluride  thin  films.  The  objective  of  the  Program  is  to  support  research  to  develop  cells 
and  modules  that  meet  the  U.S.  Department  of  Energy’s  long-term  goals  by  achieving  high 
efficiencies  (15%  -  20%),  low-cost  ($50/m^),  and  long-time  reliability  (30  years).  The 
importance  of  work  in  this  area  is  due  to  the  fact  that  the  pclycrvstalline  thin-film  CuInSev 
and  CdTe  solar  cells  and  modules  have  made  rapid  advances.  They  have  become  the 
leading  thin  films  for  PV  in  terms  of  efficiency  and  stability.  The  U.S.  Depanment  of 
Energy  has  increased  its  funding  through  an  initiative  through  the  Solar  Energy  Research 
Institute  in  CuInScj  and  CdTe  with  subcontracts  to  stan  in  Spring  1990. 


INTRODUCTION 

The  Polycrystalline  Thin  Film  Solar  Cells  Program  is  pan  of  the  United  States 
National  Photovoltaic  Program.  Other  areas  of  research  and  development  included  in  the 
national  program  are  the  fundamental  and  supporting  research,  flat  plate  thin-films,  flat 
plate  crystalline  silicon,  and  concentrator  cells  ( 1  j. 


Table  I;  Polycry.stalline  Thin  Films  Program  Participants 


RcMarch  Organization 
ARCO  ^lar 

Bociflg  Aerospact  A  Becmmics 
Instjtutf  of  Energy  Convenion 
fniemationii  Solar  Etecfric  Technology 
University  of  niinois 
University  of  Arkansas 
California  Institute  of  Technology 
Solar  Energy  Research  Institute 
Colorado  State  Univeniiy 
AMFTFJC 
Photon  Energy 
University  of  South  Florida 
Geor^  Insomie  of  Technology 


Objective 

High  efficiency  CulnSe,  900  to  3900  cm*  modules 
Evaporated  CuGalnSe,  cells.  100  cm*  submodules 
Evaporated  and  selenized  OilnSc,^  Oiie  ceUy;  device  modelip* 
H-branVspunenng  Cu.In  layers  and  seleniration;  50  cm*  sulunoduies 
Spuaered/evapewated  CuInSe,  cells 

lAser-procesaed  fVln/Se  nims  made  by  eJecoopJaiing  cc  muttering 
Contact  invetogatinn  of  CblnSe^Mo  interface 
Gimvth.  charactorizuion  and  device  fabrication  of  OilnSe, 
Characterization  and  modeiing  of  CdTe  and  CulnSe,  cells 
Electradepositkm  of  n-i-p  GdSA^dTeA^Te  cells  and  100  cm*  submodules 
Spraying  of  900  to  3900  cm*  CdTe  modules 

Ooae  space  sublimation  of  CdTe  ceUr  MOCVD  of  Hg7jiTe  for  tnp  cells 
MOeVD  of  CdTe  and  Cd„Zn,Te  cells 
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The  objective  of  the  Polycrystal  line  Thin  Fiim  Solar  Cells  Program  is  to  support 
research  to  develop  cells  and  modules  that  meet  the  U.S.  Depanment  of  Energy’s  long-term 
goals  by  achieving  high  efficiencies  (15%  -  20%),  low-cost  ($50/m‘),  and  long-time 
reliability  (30  years).  This  paper  covers  the  various  research  aspects  of  the  subcontracts 
program  in  the  polycry.stalline  thin  film  area.  Table  1  summarizes  the  various  research 
activities  with  the  corresponding  objectives  of  each  of  the  subcontracts  Tlie  two  main 
materials  of  interest  are  copper  indium  diselenide  (CuInSe^,  CIS)  and  cadmium  telluride 
(CdTe).  Specific  research  areas  include  fundamentals,  modeling,  characterization, 
measurements,  device  design,  solar  cell  fabrication,  module  design  and  development, 
mtxlule  processing,  and  stability  of  both  CuInScj  and  CdTe  [2).  Figure  1  shows  the 
progress  of  the  polycrystalline  thin  film  module  technology  in  the  past  few  years. 


Figure  1  Progress  of  polycrystalltne  thin  film  module  power  output  versus  calendar 
year 

COPPER  INDIUM  DISELENIDE 

During  the  past  decade,  CuInSej  has  made  significant  technical  progress  and  is  now- 
considered  the  leading  candidate  thin-film  photovtiltaic  material  in  terms  of  efficiency  and 
long-term  reliability  of  these  devices  13), 

Wagner  and  co-workers  at  Bell  Labs  first  fabricated  12%  efficient  CulnSej  single 
crystal  cells  in  1974  [4].  Single  crystals  are  expensive  for  practical  applications. 
Nonetheless  they  demonstrated  proof-of-concept  for  future  research  in  ihin-film  CuInSc2 
devices  for  lower  cost  cells.  Grindle  et  al.  at  the  University  of  Maine  were  able  to  make 
5%  efficient  cells  [5|  by  thermally  evaporating  CuInScj  on  low-cost  substrates.  This  was 
followed  by  the  successful  work  done  by  Mickelsen  and  Chen  at  Boeing  Aerospace  which 
was  supported  by  U.S.  DOE  funding  through  the  Solar  Energy  Research  Institute  (SERI). 
Boeing  was  able  to  make  10%  efficient  CulnSC;  cells  by  ccevaporation  by  1982  [6]. 

Several  groups  followed  the  pioneering  work  of  Boeing.  Among  those  who  initiated 
research  programs  were  ARCO  Solar,  Institute  of  Energy  Conversion  (University  of 
Delaware),  and  the  Solar  Energy  Research  Institute.  All  these  groups  were  able  to  quickly 
reproduce  the  Boeing  results  in  solar  cell  efficiency  by  making  cells  in  excess  of  10% 
[7,8|.  Innovative  device  design  (Fig.  2)  first  proposed  by  Choudary  et  al.  [91  and  reduced 
to  practice  by  Potter  et  al.  enhanced  the  blue  response  of  these  CuInSe2  devices  and 
improved  the  cell  efficiency  to  12.5%  |10|.  Further  additions  of  small  quantities  of  Ga 
(<i0%)  improved  the  reported  cell  efficiency  to  14.1%  (active  area)  for  3.5  cm^  area 
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device.  Boeing  aJso  improved  the  celi  performance  to  i2.9%  (active  area)  for  a  1  cm^ 
device  by  the  addition  of  27%  Ga  in  the  CuGaInSe2  cells  [11],  The  of  this  device 
was  555  mV,  and  was  considered  a  significant  improvement. 

Light 


♦ 


1.5  pm 

2nO 

0.05  pm 

CdS 

2.0  pm 

CufnScs 

1.0  pm 

Mo 

Glass 

Figure  2  Device  structure  of  a  Glass/Mo/CuInSeyCdS/ZnO  polycrystalline  thin  film 
solar  cell 

International  Solar  Electric  Technology  (ISET),  a  spin-off  from  ARCO  Solar,  was 
also  successful  in  making  10,9%  (active  area)  devices  by  a  low-cost  two-stage  process  [12]. 
Mo  coated  on  glass  is  used  as  a  substrate,  on  which  Cu  and  then  In  are  deposited  by 
E-beam,  The  Cu-ln  sandwich  is  thermally  reacted  with  HjSe  gas,  forming  high  quality 
CuInSe2.  To  complete  the  cell  fabrication,  a  thin  layer  of  dip-coated  CdS  is  deposited  on 
the  CuInSej  to  form  the  hetcrt  junction.  Using  a  similar  approach,  the  Institute  of  Energy 
Conversion  has  demonstrated  Jj^,  of  42  mA/cm^[l3|. 

During  the  1980s,  ARCO  Solar  developed  proprietary  processes  for  manufacturing 
CulnSe2  modules  using  a  potentially  low-cost  approach  [14,15].  This  success  in  the 
manufacturability  was  a  significant  step  for  the  CuInSe2  technology  and  subsequently  led  to 
ARCO  Solar’s  scale-up  of  large-area  modules. 

Ermer  and  co-workers  reported  on  the  major  advances  of  the  performance  of  large- 
area  CulnSe2  modules  [16].  They  reported  achieving  an  11.1%  efficient  ICXX)  cm^ 
module,  the  most  efficient  at  its  size  among  the  various  thin  films.  For  even  larger  areas 
of  about  4000  cm^,  efficiency  in  excess  of  9%  with  a  power  output  of  35.8  watts  (Fig.  3) 
for  unencapsulated  modules  was  also  reported.  These  modules  have  now  been  tested  at 
SERI  under  natural  sunlight  for  240  days  under  both  load  and  open-circuit  conditions  and 
have  been  found  to  be  very  stable  [17], 

CADMIUM  TELLURIDE 

Cadmium  telluride  (CdTe),  normally  referred  to  as  the  "dark  horse"  of  thin  film 
solar  cells,  has  shown  improved  performance  in  the  past  few  years.  Based  on  a  bandgap 
of  1.45  eV,  which  is  an  optimum  match  with  the  solar  spectrum,  practical  CdTe  devices 
could  potentially  achieve  efficiency  up  to  18%.  Theoretical  efficiencies  are  as  high  as 
27.5%  [18%]. 
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Voltage  (Volts) 

Figure  3  Light  I-V  characteristics  of  a  large-area  3916  cm’  polycrystalline  thin  film 
CuInSej  module 

One  of  the  key  problems  encountered  in  fabricating  thin-film  CdTe  devices  is  its 
contact  stability.  To  circumvent  this  problem,  a  research  group  at  Ametek  has  developed  a 
novel  n-i-p  cell  design,  which  is  shown  in  Fig.4.  The  undoped  CdTe  acts  as  an  intrinsic 
layer  sandwiched  between  the  n-type  CdS  and  p-type  ZnTe  layers  that  induce  a  drift  field 
across  the  CdTe.  Figure  5  shows  the  Auger  depth  profile  for  this  cell  strucmre.  One  of 
the  key  processing  steps  is  a  heat-treatment  at  400“C  for  about  20  minutes.  This  step 
causes  significant  change  in  the  morphology  (19,20)  and  is  the  key  to  high  process  yields. 
During  the  heat  treatment,  the  polycrystalline  grains  at  the  CdS-CdTe  interface  are  believed 
to  coalesce  or  fuse,  thus  greatly  reducing  the  density  of  grain  boundary  states. 
Recrystallization  occur  over  the  entire  thickness  of  'he  CdTe  film.  Using  this  cell  design, 
Ametek  has  fabricated  11%  cells  by  electrodeposition  (21).  Ametek  has  also  tested  their 
cells  and  submodules  and  have  reponed  stability  of  their  devices  for  3000  houR. 


hv 


Figure  4  Device  structure  of  a  n-i-p  n-CdS/i-CdTe/p-ZnTe  polycrystalline  thin  film 
CdTe  solar  cell 
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Figure  5  Auger  depth  profile  of  a  n-i-p  n-CdS/i-CdTe/p-ZnTe  polycrystalline  thin  film 
solar  cell 

Photon  Energy  is  another  successful  CdTe  group.  Their  primary  focus  of  research  is 
to  fabricate  thin  film  CdTe  solar  power  modules  by  a  potentially  low-cost  spraying  method. 
To  date  they  have  achieved  12.3%  efficient  small  area  cells,  and  7.3%  efficient  square-foot 
module  [22].  They  have  also  made  prototype  four-square-foot  CdTe  modules  for 
production. 

SERI  IN  HOUSE  RESEARCH 

Active  investigation  is  underway  at  the  Solar  Energy  Research  Institute  to  study  the 
materials  growth,  characterization  and  device  fabrication  of  thin  film  CuInSej  and  related 
alloy  materials.  SERI  makes  state-of-the-art  CuInSe,  devices  [23].  Also,  extensive  support 
is  given  to  the  photovoltaic  industry  in  terms  of  material  characterization  such  as  Auger 
Electron  Spectroscopy,  Electron  Beam  Induced  Current,  Electron  Spectroscopy  for  Chemical 
Analysis,  Photoluminescence,  Scanning  Electron  Microscopy,  Secondai^  Ion  Mass 
Spectroscopy,  Spectroscopic  Scanning  Tunneling  Microscopy,  Wavelength  Dispersive 
Spectroscopy,  defect  chemistry,  chemical  and  heat  treatments,  stability  testing,  etc. 

CONCLUSIONS 

Polycrystalline  thin-film  CulnSe^  and  CdTe  solar  cells  and  modules  have  made  rapid 
advances  and  are  now  the  leading  thin  films  for  PV  in  terms  of  efficiency  and  stability. 
They  have  attained  the  highest  cell  efficiencies  (14.1%  for  CulnScj  and  12.3%  for  CdTe), 
the  highest  module  efficiencies  (11.1%  for  CulnSe2  7.3%  for  CdTe  on  a  square-foot; 
9.1%  for  4  square  feet  for  CulnSeJ;  the  best  stabilities  (CulnSe2  240  days  without 
degradation),  are  made  by  the  lowest  cost  processes  (spraying,  electrodeposition,  sputtering 
and  selenization).  The  U.S.  Department  of  Energy  has  increased  its  funding  through  an 
initiative  through  the  Solar  Energy  Research  Institute  in  CuInSe2  and  CdTe  with 
subcontracts  to  start  in  Spring  1990.  The  level  of  federal  support  for  CulnSe^  and  CdTe  is 
doubling  to  about  $2.4M  for  each  material.  Both  CuInSe2  and  CdTe  are  now  moving  out 
of  the  lab  and  into  demonstration  projects  through  the  Photovoltaics  for  Utility  Sale 
Applications  (PVUSA)  proposals.  20  kW  systems  of  CuInSej  supplied  by  ARCO  Solar  and 
20  KW  of  CdTe  supplied  by  Photon  Energy  will  be  installed  in  Davis,  California,  next 
year  for  field  testing  and  evaluation. 
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ABSTRACT 

Excitonic  properties  of  ZnSe-ZnS  strained- layer  quantum  wells  (SLQWs) 
with  type  I  band  lineups  are  reviewed  on  the  basis  of  our  recent  results  of 
temperature-  and  strain-dependent  photoluminescence  and  absorption  spectra. 
In  order  to  estimate  the  conduction  and  valence  band  offsets  as  a  function  of 
ZnSe  well  thickness,  we  have  modified  the  ’'model-sol  id"  theory  in  which  the 
valence  bands  (heavy-hole  band  in  ZnSe  and  light-hole  band  in  ZnS)  are 
relatively  moved  with  strains.  Temperature  and  high  excitation  dependent 
studies  of  the  n=l  heavy-hole  excitons  suggest  a  localization  of  excitons  and 
reveals  the  important  evidence  on  scatterings  of  excitons  with  acoustic  and 
optical  phonons.  The  thermal  quenching  of  the  exciton  emission  is  caused  by 
thermal  dissociation  of  quasi-two-dimensional  excitons  through  electrons  and 
holes,  from  which  the  activation  energy  for  this  dissociation  is  4  times 
larger  than  F.e,  so  la  binding  energy  of  bulk  exciton)  of  ZnSe.  A  new 
superlattice  structure  with  a  quasiperiodic  crystal  which  is  derived  from  a 
finite  Fibonacci  sequence,  has  been  fabricated  by  a  low-pressure  MOCVD  method 
and  its  photoluminescence  properties  are  for  the  first  time  introduced. 


I.  INTRODUCTION 

The  most  exciting  optoelectronics  applications  for  wide  bandgap  ll-Vl 
materials  are  semiconductor  injection  emitters  and  lasers  at  wavelengths 
throughout  the  visible  spectrum  (Ij.  These  possibilities  are  now  amplified 
by  the  rapid  progress  in  the  growth  of  ll-VI  single  and  multiple-quantum  well 
(KQi)  structures,  which  can  confine  electrons  and  holes  in  a  two-dimensional 
well,  fabricated  by  MBE  [2]  and  MOCVD  [3].  Despite  the  small  amount  of 
effort  devoted  to  these  structures  in  comparison  with  their  equivalents  in 
in  -  V  materials,  it  has  been  very  recently  reported  the  possibilities  of 
optically-pumped  blue  laser  [4] .  quantum  confined  Stark  effect  (3l,  waveguide 
[5]  and  second-harmonic  generator  (SHG)  [6]  from  ZnSe-ZnS(Se)  and  CdZnS-ZnS 
(7]  strained- layer  superlattices  (SLSs) . 

In  semiconductor  strained- layer  superlattices,  however,  the  lattice 
mismatch  can  be  entirely  accommodated  by  elastic  layer  strain  rather  than 
misfit  dislocations.  The  flexibility  in  the  choice  of  widegap  II-VI  SLS 
materials  from  green  (CdS)  to  violet  (ZnS)  in  the  spectral  regions,  and  the 
interesting  effects  of  nonlinear  properties  allow  SLS  materials  to  exhibit  a 
wide  range  of  photonics  devices  which  are  advantageous  for  SHG  and 
third-harmonic  generator  (THG)  devices  (8j. 

ZnSe-ZnS  SLS.  exhibiting  a  type  I  hetero junct i on  structure,  has  been 
most  extensively  studied  using  low-temperature  excitonic  luminescence  and 
absorption  measurements  to  ob.serve  the  valence  band  feature  of  the  ZnSe  well 
[3.91.  The  lattice  mismatch  between  cubic  ZnSe  and  ZnS  is  about  4.5  %  at  RT, 
so  that  a  critical  thickness  for  each  layer  along  <100>  growth  direction, 
beyond  which  the  layer  is  expected  to  deform  plastically,  is  theoretically 
calculated  to  be  about  100 A  [lOj.  Therefore,  the  band  structure  in  the  SLS 
consisting  of  ZnSe  and  ZnS  appears  to  be  due  to  reduction  in  symmetry  (D2«) 
along  the  axis  of  the  <100>  growth  of  the  quantum  well.  These  properties 
reflect  changes  of  the  band  structure,  so  that  excitons  are  more  sensitive  to 
strains. 

We  have  demonstrated  that  the  ZnSe-ZnS  superlattice  is  one  of  the  most 


Mat.  Res.  $oc.  Symp.  Proc.  Vol.  161.  ^  1990  Matwrtals  Rwawarch  Society 


200 


fruitful  example  for  understanding  fundamental  excitonic  properties  in  the 
II-Vl  wide  bandgap  SLSs  [9].  Namely,  quasi  two-dimensional  (2D)  excitons  are 
characterized  by  a  large  exciton  binding  energy  and  large  oscillator  strength 
in  addition  to  a  strong  exciton-LO  phonon  coupling  constant.  Theoretical 
studies  of  excitons  in  the  II-VI  SLSs  have  recently  been  started  in  order  to 
understand  a  correlation  between  the  Is  exciton  binding  energy  and  band 
offsets  for  electrons  and  holes  (111. 

Since  19S7,  we  have  succeeded  in  growing  high-quality  ZnSe'ZnS  SLSs  with 
MQW  showing  an  excitonic  linewidth  narrower  than  the  previous  one  [9]  as  a 
result  of  the  optimization  of  the  growth  conditions  in  the  low-pressure  MOCVD 
method  [12].  We  have  already  pointed  out  that  the  exciton  localization  is  the 
dominant  cause  for  the  linewidth  broadening.  It  is  therefore  desirable  to 
control  the  interface  fluctuation  within  one  monolayer  thickness  to  know  the 
intrinsic  excitonic  properties. 

This  paper  reviews  our  recent  outstanding  results  of  excitonic  properties 
of  ZnSe-ZnS  SLSs  grown  on  tlOO)  GaAs  and  ZnS  substrates  using  the 
low-pressure  MOCVD  method.  We  show  the  temperature  dependence  of  absorption 
spectra  of  the  SLS  on  ZnS  substrate  without  removal  of  its  substrate,  and 
that  a  lufge  Stokes  shift  is  caused  by  exciton  localization-  Our  conventional 
MOeVD  system  allows  to  fabricate  a  new  suporlatlice  structure  with  a  finite 
Fibonacci  sequence  consisting  of  ZnSe  and  ZnS  thin  layers. 


2.  STRAINED-LAYER  SUPERLATTICE  BY  LOW-PRESSURE  MOCVD 
2.1.  Conventional  sequence 


The  MOCVD  apparatus  consists  of  a  main  reaction  chamber  and  a  sample 
exchange  supplemental  chamber  with  a  transfer  tube  as  shown  in  Fig.l.  Special 
feature  is  that  we  employ  a  halogen  lamp  capable  of  heating  the  substrate  up 
to  600  V.  by  infrared  (IR)  radiation.  Two  chambers  are  constructed  by  all 
A1  materials  and  each  inner  wail  is  coated  with  TiN  films  to  avoid  accidental 
impurity  contamination.  Our  MOCVD  process  was  described  in  detail  in  [12]. 
Depending  upon  the  times  to  open  the  H2Se  and  HzS  MFC  valves,  ism  and  Is. 
various  ZnSe  and  ZnS  thickness  can  be  deposited  on  various  substrates  such  as 
GaAs,  ZnSe  and  ZnS  with  [‘.J]  or  without  (9)  an  appropriate  buffer  layer.  Prior 
to  SLS  growth,  the  substrate  was  first  cleaned  by  heating  at  550“C  for  5  to 
30  min  in  Pd-diffused  H?  gas  atmosphere  after  chemical  etching.  A  growth 
temperature  was  350  X'.  The  growth  rate  depends  upon  the  operation  pressure 
in  the  reaction  chamber;  for  example  this  is  estimated  to  be  0.2um/h  at  a 
constant  pressure  of  0.3  Torr.  We  can  also  control  the  interval  of  t,  which 
is  time  to  evacuate  residual  gases  in  the  chamber  in  order  to  improve  the 


(i)Gas  supply  system  (2)  Flow  sequence  13)  Reactor  chamber 

without  bubbling  cylinders 

Fig.l.  Low-pressure  MOCVD  apparatus  with  a  load-lock  system  for  growing  Sl.S.s. 
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quality  of  the  SLS  films.  The  thickness  of  the  well  and  barrier  was  measured 
by  transmission  electron  microscopy  and  also  by  X-ray  diffraction  satellite 
peak  positions. 


2.2.  Fibonacci  sequence 


Quasi  periodic  semiconductor  super  lattices  with  a  Fibonacci  sequence  [13] 
were  fabricated  by  ZnSe  (A  =  25  A)  and  ZnS  (B=35  A)  films.  Fig.  2  shows  the 
schematical  representation  of  arrangement  of  constant  ZnSe  and  ZnS  layers  in 
a  Fibonacci  sequence.  The  infinite  sequence  Fj,  ¥2.“  ••  is  defined 
recursively  by  Fr.  =  Fn-i  +  Fn-2,  where  Fn  is  the  n-th  Fibonacci  number.  A 
finite  Fibonacci  superlattice  with  the  ratio  between  A  and  AA  is  given  by  the 
Golden  mean  T  =  (l  +  y'5)/2. 


Fibonacci  superlattice 
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Fig. 2.  Fibonacci  sequence  with  the 
widths  of  A(ZnSe)-25A  and  B(ZnS)  = 
35A. 
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Fig. 3.  Coherently  grown  lattice  (a)  and 
atom  row  (b)  along  <100>  and  <110>  di¬ 
rections. 


3.  INTERFACE  OF  ZnSe-ZnS  Sl.S 

A  typical  SLS  structure  is  shown  schematically  in  Fig. 3(a).  The  thin 
SLS  layers  are  alternatively  in  compression  (ZnSe)  and  tension  IZnS)  so  that 
the  in-plane  lattice  constants  (a,,)  of  the  individual  stra i ned- layers  are 
equal.  All  the  lattice  mismatch  is  accommodated  by  layer  strains  without  the 
generation  of  misfit  dislocations  below  the  critical  thickness  about  100  A 
as  indicated  by  2  MeV  TEM  plan-view  observation  [10].  The  atomic  banding 
arrangement  is  shown  in  Fig. 3  lb).  A  channelling  expected  along  <100>  and 
<110>  axis  indicates  that  the  <110>  channelling  shows  much  higher 
dechannelling  yields  than  the  <100>  case  [14].  This  suggests  that  ZnSe  can 
grow  in  a  three-dimen. sional  island  growth  mode  rather  than  in  a 
layer-by-layer  growth  mode  on  ZnS  [15]. 


4.  FXCITON  PROPERTIES 

4.1.  Band  structure  under  strains 

4.1.1.  Uniaxial  stress  of  free  exciton  of  ZnSe 

Reflectance  spectra  of  free  exciton  in  bulk  ZnSe  were  measured  at  4.2  K 
unP  !r  <100>  uniaxial  stress  with  cr  and  it  polarization  light.  So  far. 
stress-induced  change  and  splitting  of  exciton  line  have  been  observed  by 
Longer  et  al.  [16]  under  P  II  <ll7>  and  <111>.  Under  the  <100>  uniaxial 
strain,  the  crystal  symmetry  T«  changes  to  Dj.  symmetry  and  as  a  result  the 


degeneracy  of  the  valence  band  is  re«oved.  The  effect  for  a  uniaxial  stress 
in  the  <100>  direction  is  shown  in  Fig. 4.  The  P  b  exciton  splits  into  two 
components;  one  E-L P  component  shifts  to  higher  energies  with  increasing 
stress  and  the  other  polarized  EXP  whose  energy  shifts  to  lower  energies 
with  increasing  stress.  The  E  11  P  component  shifts  slightly  to  lower  energies 
with  stress. 

Fig.b  shows  the  energy  positions  of  three  components  and  the  splitting 
under  cr  and  tc  polarizations.  These  splittings  are  similar  to  that 
predicted  by  Baily  [17]  for  the  <lflO>  compressive  stress.  By  extrapolating 
the  cr  component  to  zero  splitting,  one  can  obtain  the  exchange  splitting 
between  the  P  a  and  P  a  excitons  which  is  nearly  zero.  Using  the  <100> 
strain  Hamiltonian,  we  can  estimate  the  bandgap  deformation  constant  a  and 
shear  deformation  potential  constant  b  to  be  -5.23  and  -1.2  eV.  respectively. 


Fig. 4.  Exciton  reflectance  spectra  at  Fig. 5.  Energy  splitting  of  exciton 

4.2  K  under  EIIPItc)  and  EXP(cr)  under  cr  and  n  polarization, 

polarization. 


4.1.2.  Fundamental  properties  of  excitons  in  SLS  and  strain 

Excitons  play  a  dominant  role  in  determining  the  optical  properties  of 
semiconductor  quantum  wells  [18).  Optical  measurements  including 
photoluminescence  and  absorption  are  widely  adopted  for  revealing  electronic 
states  of  these  structures.  Excitonic  behaviour  of  11-VI  super  1  at t i ces  and 
quantum  wells  is  unique  when  compared  to  those  of  111  -  V  materials  because  of 
a  large  exciton  binding  energy,  large  oscillator  strength  and  strong 
exc  i  ton-phonon  interaction.  In  particular,  until  now.  one  cannot  obtain 
accurate  interpretation  of  excitons  and  the  energy  levels  from  optical 
absorption  spectra  because  we  always  used  GaAs  substrates  which  cannot  permit 
to  pass  visible  light  at  wavelengths  from  600  to  400  nm. 

In  ZnSe-ZnS  Sl.S.  ZnSe  well  layer  is  considerably  under  <100>  compressive 
strain  and  consequently  the  valence  band  consists  of  heavy-hole  13/2.3/2)  and 
light-hole  13/2.1/2  >  bands.  Excitons  are  presumably  created  by  a  Coulombic 
force  [19]  between  n=l  electrons  (E*„=i)  and  n=l  heavy-holes  or  light-holes 
(E'’n=il  in  the  quantum  well.  Exciton  binding  energy  En  ‘  *  is  estimated  from 
the  principal  absorption  peak  position  by  Elfiw)  =  E,  +  E'„=i  t  E"„.i  -  E»'*. 
where  E,  is  the  apparent  bandgap  of  well  layer. 


The  effective  transition  strength  for  the  two-dinensional  (2D1  exciton 
*ith  k=0  is  given  bj  [20], 

F  2D.  1.  =  f  o  K  »■■(« /Ml  t  r  (T)/A  IT))  (1) 

where  fo  is  the  transition  matrix  element  (=  2/L^aii,  a»  is  a  Bohr  radius  of 
exciton  and  L  is  a  well  width),  )(  =  m.’  +  «»’.  u  '  -  (m,‘  *■  Bn')  ',  H»''  is 
the  2D  exciton  binding  energy  (=  2Me*/ e  *fi  =  4Eb  2d)  and  A  (T)  is  the 
temperature  dependent  homogeneous  linewidth  of  the  exciton. 

He  assume  that  the  fraction  of  excitons  rIT)  with  the  spectral  width 
AIT)  can  contribute  to  recombination,  so  the  fraction  r(T)  is  given  by 

r  IT)  =  1-expl- A  (T)/k  T  }  12) 

Due  to  large  exciton-LO  phonon  coupling  effect,  A  (T)  is  always  larger  than 
kT  in  II-VI  SLS.  The  exciton  binding  energy  E»'*  of  the  2D  case  for  the  Is 
ground  state  has  been  theoretically  treated  [19].  Recently.  Matsuura  [21] 
has  calculated  the  Is  binding  energy  of  excitons  in  ZnSe  well  as  a  function 
of  well  thickness  taking  into  account  polaron  effect.  It  has  been  found 
that  the  c  )  ec  t  r  on  -  ho  1  e  interaction  is  screened  by  the  high  freotionry 
dielectric  constant  e  =  £«  .  From  eqs.  (1)  and  (2),  the  decav  of 
luminescence  is  expressed  by 

t  .2.  20  cc  (Eo'*)  ‘  lAiT)/r(T))  13) 

and  since  A  IT)  >  k  T  in  the  present  ZnSe-ZnS  SLS, 

X  ...  20  oc  lEo'M-'AIT)  (3) 

For  instance,  in  ZnSe  (20  A)  and  ZnS  (50  A)  SLS,  t  ...  20  was  an  order  of 
psec  at  4.2  K  [22] . 

As  already  mentioned  above,  the  tetragonal  distortion  ID2.I  is  known  to 
shift  energy  levels  and  to  split  band  degeneracies.  The  ZnSe  and  ZnS  layers 
are  subject  to  a  biaxial  compressive  and  tensile  strains,  respectively,  along 
the  <100>  and  <010>  directions  in  the  (100)  plane.  This  effect  breaks  the 
symmetry  of  the  zincblende  structure  and  splits  the  degeneracy  of  the  valence 
band  into  13/2,1/2)  and  13/2,3/2)  .  in  addition,  the  hydrostatic  components 
shift  the  bandgap  to  a  higher  (tower)  energy.  The  schematic  band  structures 
near  the  center  of  the  BZ  under  biaxial  tensile  strain  for  ZnS  and 
compressive  strain  for  ZnSe  are  shown  in  Fig. 6  for  the  case  along  the  biaxial 
stress  directions  <100>  or  <010>.  This  splitting  results  in  a  significant 
change  in  the  valence  band  dispersion  on  the  layer  plane  [23],  ZnSe-ZnS 
system  which  has  hole  confinement  in  biaxially  compressed  layers  can  exhibit 


Fig. 6.  E-k  dispersion  under  strains.  (b)  QH. 
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2D  hole  masses  near  the  top  of  valence  band  maximum. 

Fig. 7  shows  the  energy-band  diagrams  of  the  type  I  superlattice  in 
single  quantum-well  of  ZnSe~ZnS  structure  without  strain  and  in  bulk  ZnS  and 
ZnSe  crystals  before  the  formation  of  the  heterojunction,  taking  into  account 
of  the  equivalent  energy  position  of  the  Fermi  level  (F.f)  between  them.  This 
figure  also  indicates  both  the  energy  difference  between  and  Fs«3d^"®' 

and  the  energy  difference  between  and  Es2p^"®,  assuming  the  energy 

position  of  Ef  being  located  at  the  middle  of  the  energy  bandgap.  If  the 
binding  energies  of  S  2p  in  ZnS  and  Se  3d  in  ZnSe  in  the  superlattice  are 
known,  AEv  is  calculated  by, 

AEv  =  An  +  1  )  -(  Ev^"®  ) 

=  A  B  -F  constant  (4t 

where  AB  =  (Esap  —  Esesa)  in  the  superlattice.  Finally,  we  can  get  AFl- 
from  the  relation  of  AEv-F  AHc  =  AF.«.  From  our  XPS  results  [14],  AEv  and 
AEc  are  calculated  to  be  0.73  and  0.25  eV.  respectively.  Those  values  are 
in  good  agreement  with  the  Harrison's  LCAO  theory  (0.82  eV) . 

If  the  ZnSe-ZnS  SLS  approves  the  free-standing  super  lattice,  the  lattice 
ca4!J5lu;iL  ui  I  parallel  to  the  in-plane  of  the  interface  depending  on  strain 
can  be  expressed  [24], 

ai,  =  (aznSeGznSel.w  ♦  3  z  n  sCl  2  n  sL  b )  /  IG  z  n  S  «  Lw  *  GznsLb) 

G.  =  2(cii'  +  2ciz')(l  -  cia'/ci,') 

where  i  denotes  the  ZnSe  and  ZnS.  is  the  lattice  constant  of  the  bulk 
crystal,  and  cii  and  Ciz  are  the  elastic  constants,  le  can  express  the 
changes  of  the  bandgap  energy  of  ZnSe  well  and  ZnS  barrier  in  terms  of  the 
strain  and  deformation  potential  constants  listed  in  Table  I  as  follows, 

F..^''®MLw)  =  1  Ev.  +  AEv.  zl3/2.3/2>  }  (6) 

(Lw)=Ec^*'®  Ev.  .v'*'"®  +AEv.  .13/2,1/2)  }  171 

where  Ec  is  the  conduction  band  and  Ev. .v  is  the  center  of  gravity  of  the 
valence  band  due  to  strain.  Ev.  z I  3/2. 3/2)  and  Ev.  » ! 3/2. 1/2)  are  heavy-hole 
and  light-hole  band,  respectively.  Fig. 8(b)  shows  the  change  of  the  bandgap 
energy  of  ZnS  barrier  and  ZnSe  well  as  a  function  of  ZnSe  well  width.  The 
bandgap  of  ZnSe  well  layer  increases  due  to  the  compressive  stress,  while 


Table  1  Physical  parameters  used  for  the  calculation  of  the  offsets  in  ZnSe  and  ZnS 


ZnSe 

ZnS 

Lattice  constant  a  (A) 

5.6687 

5.4093 

Band  gap  at  4.2  K  £«  (eV) 

2.822 

3.840 

Spin-orbital  splitting  energy 

leV) 

0.45 

0.072 

Exciton  binding  energy 

K.'*  (meV) 

19 

40 

Deformation  potential  constant 

ac  -  av  leV) 

-5.4 

-4.0 

b  leV) 

-1.2 

-0.7 

Elastic  constant 

Cii  (Mbcir) 

0.826 

1.067 

C,2  (Mbar) 

0.498 

0.666 

Offset  of  the  valence  band 
at  non  strains 


AEv"  (eV) 


0.82 
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that  of  the  ZnS  barrier  layer  decreases  due  to  the  tensile  stress  as  »as  seen 
in  Fig. 6. 

Recently.  Van  de  *alle  124)  has  reported  a  sumnary  of  "uode 1  -  so  1 i d" 
theory  for  determining  the  band  offsets  in  strained-heterostructure.  We 
assumed  the  valence  band  offset  (  AFv°)  to  the  energy  difference  between  the 
heavy-hoie  state  in  2nSe  and  the  light-hole  state  in  2nS  without  strains.  In 
model-solid  theory,  the  conduction  and  valence  band  deformation  potential  are 
individually  obtained.  Therefore,  the  conduction-band  offset  (AKc)  and  the 


valence-band  offset  (AEvl  are  expressed  as  follows. 

AEc=  Ec’’""  -  Ec'"  =  '  l«) 

AEv=  F,».  -  Ev  .v^"  = 

t  AF„  ,.^"’‘'|3/2.3,/2>  -  AEv.  1/2.  1/2  111) 

Ec=  Ec”  +  aclAQ/Q)  HO) 

Ev.  .V  =  Ev.  v."  ♦  avi  AQ/Q)  fill 


when  we  used  AF.v'’=820  meV  (Harrison's 
value  and  is  fairly  close  to  the  XPS 
value),  AEv  .v”  is  calculated  to  bo  694 
meV.  Fig.  8  (a)  shows  the  changes  of  AEc 
and  AEv  as  a  function  of  ZnSe  well  width 
at  a  constant  barrier  layer  of  50  A . 

From  these  evidence,  it  is  understood 
that  the  conduction  band  offset  is  always 
positive  and  changes  from  60  to  80  meV 
increasing  the  well  layer  width  up  to  100 
A.  This  indicates  that  no  type  I’  con¬ 
version  can  be  seen.  This  is  different 
from  the  early  our  expectation  [251  be¬ 
cause  we  did  not  consider  the  effect  of 
AFv  .V  on  strains.  However,  the  type  I' 
which  was  suggested  in  Van  der  Walle's 
paper  [24]  is  thought  to  be  caused  by  a 
choice  of  the  large  AEv°  1=900  meV)  .  If 
we  calculate  the  AEc  using  his  physical 
parameters  with  deformation  potential 
constant  and  AEv",  the  AEc  is  changed 
from  -41.5  to  -39,0  meV  between  0  and  100 
A  well  thickness  at  a  constant  barrier 
50A  [24.261. 

4.1.3.  Exciton  luminescence  and  absorption  of  SIS  on  (100)  GaAs  and  ZnS 
substrates 


Fig. 8.  (a)  Conduction  and  valence 
band  offsets  and  lb)  bandgap  of 
ZnSe  well  and  ZnS  barrier  layers 
as  a  function  of  ZnSe  well  width. 


Fig. 9  shows  the  excitonic  luminescence  and  normal  -  incidence  reflectance 
spectra  obtained  at  4.2  K  of  ZnSe (25 A ) -ZnS (35 A )  SLS  on  (100)  GaAs  substrate 
with  150  periods.  The  dashed  line  is  taken  under  a  He-Cd  laser  (10  mW/cm“) 
weak  excitation  and  the  solid  line  is  taken  under  a  Nv  laser  (1  M*/cm*)  high 
excitation.  The  linewidth  of  the  dashed  curve  was  about  22  meV.  The  main 
peek  is  located  at  2.8559  eV  and  corresponds  to  the  lower  polariton  branch 
(fiioc).  The  reflectance  structure  exhibits  one  distinct  minimum  (HcotI  and 
a  sharp  maximum  (huiv).  The  damping  of  about  10  meV  obtained  is  considerably 
larger  than  in  bulk  ZnSe  (0.4  meV)  [27].  This  result  can  be  explained  by  a 
level  broadening  due  to  inhomogeneous  strain  which  reduces  the  exciton 
lifetime.  The  LT  splitting  is  about  20  meV  which  is  much  larger  than  the 
bulk  (~1  meV) .  This  means  that  the  oscillator  strength  becomes  larger. 
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Fig. 9,  4.2K  reflectance  and  luaines- 
cence  spectra  obtained  under  weak  and 
high  excitation  conditions. 


Fig. 10.  4.2K  luminescence  under  weak 

and  high  excitation  conditions,  and 
absorption  spectrum. 


We  have  grown  7nS€-7nS  SLS  on  (100) 

ZnS  substrate  (-^500  urn  thick)  which 
can  allow  to  penetrate  photon  energy  be¬ 
low  3.5  eV.  Fig. 10  shows  the  exciton  lu¬ 
minescence  for  both  excitation  condi¬ 
tions.  and  absorption  obtained  at  4.2  K 
of  ZnSo[20A)-Zn.S(30A)  .S!  S  with  150  pe¬ 
riods.  The  main  luminescence  peak  posi¬ 
tion  is  located  at  2.9222  eV.  The  step¬ 
wise  absorption  reflects  the  2U  charac¬ 
ter  in  the  density  of  states  due  to 
quantum  confinement.  Two  peaks  are 
resolved  assuming  a  Gaussian  lineshape 
(  —  •  —  )  and  are  located  at  2.9660  eV 
and  3.0963  eV.  The  energy  difference  of 
about  130  meV  corresponds  to  the  theo¬ 
retically  estimated  energy  difference 
between  the  heavy-hole  and  light-hole 
excitons.  Therefore,  a  Stokes  shift  is 
about  44  meV  between  main  PL  peak  and 
the  n=l  heavy-hole  exciton  absorption 
peak.  The  low-energy  shoulder  of  the  PL 
line  taken  under  the  weak  excitation 
condition,  attributed  to  excitons 
trapped  at  defects,  saturates  with 
enhanced  excitation  density.  We  attrib¬ 
ute  the  2.9222  eV  emission  line  to 
intrinsic  r ec omb i na f i on  from  n=l 
heavy-hole  exciton  [9]. 

When  the  sample  temperature  is  increased  from  18  to  300  K,  the  exritonic 
absorption  peak  shifts  gradually  to  lower  energy  as  shown  in  Fig.ll.  The 
features  of  free-exciton  absorption  can  be  observed  even  at  RT.  The  Stokes 
shift  results  from  spectral  diffusion  of  excitons  towards  the  low-energy 
localized  .states  in  the  inhomogeneous  line.  However,  the  observed  Stokes 


Fig.ll.  Temperature  dependence  of 
absorption  spectra. 
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shift,  is  also  caused  by  statistical  fluctuation  of  the  well  layer  due  to  2 
monolayer  of  the  well  width.  The  shift  increases  to  about  50  mcV  at  RT. 


4. 2.  High  excitation 


We  have  tentatively  proposed  that 
the  excitonic  lino,  observed  under  the 
weak  excitation  condition,  is  related  to 
the  localization  of  excilons  as  was 
indicated  by  an  abnormal  temperature 
dependence  (9l .  But.  as  shown  in  Fig. 12. 
the  normal  temperature  dependence  of  the 
main  excitonic  line  of  a  ZnSe-ZnS  SI.S  on 
a  (lOOlZnS  substrate  can  be  observed  [9]. 

Fig. 13  la)  and  (b)  show  the  tempera¬ 
ture  dependence  of  the  linewidth  and 
peak  position  of  the  exciton  emission 
obtained  under  the  high  excitation 
condition,  respectively.  In  this  case, 
the  FWHM  is  almost  constant  in  the  range 
of  4,2  to  about  100  K.  but  increases 
more  rapidly  with  temperature  above 
100  K.  The  FWHM  of  the  emission  line 
as  a  function  of  temperature  can  be 
analyzed  by  the  following  relation, 
taking  into  account  the  scattering 
processes  with  LO  and  acoustic  phonons, 
and  with  ionized  donor  impurities  12S) : 


Fig. 12.  Temperature  dependence  of 
excitonic  emission  of  /.nSe-ZnS  Sl.S 


r  =  r  0  +  r* .  t  +  r  .exp(-  <  e 

+  r  t  o  /  (exp  (fiw  LO  /  k  ,  'F  )  -  1] 


where  I' o  is  the  linewidth  due  to  fluctuation  of  the  well  layer  thickness.!'* 
is  a  coefficient  of  the  excilon-acoustic  nhonon  interact  ion.  T  is  a 
proportionality  factor  which  accounts  for  the  density  of  donor  centers.  (Et>) 
is  the  binding  energy  of  the  donor  averaged  over  all  possible  positions  of 
the  impurities  within  the  well  layer,  P  to  is  the  exciton-LO  phonon  coupling 
constant,  and  htuto  is  the  1.0  phonon  energy  (  =  31.4  meV)  in  ZnSe. 

Putting  r  0=50. 3  meV,  r«=  8x10'^  meV/K,  r,=73.7  meV,  rLD=35  meV, 
and  a  donor  binding  energy  <F.h)  of  32.7  meV  in  eq.(12).  the  theoretical  curve 
agipps  fairly  well  with  the  experimental  data  as  shown  in  Fig.l3(a1  by  the 
solid  curve.  It  is  noticed  here  that  the  <Eb)  is  about  1.3  times  larger 
than  that  of  th^  effective-mass  donor  binding  energy  (F.d  =  26  meVl.  In 
general,  the  binding  energy  of  the  impurity  is  reduced  by  biaxial  compressive 
strain  and  increased  spatial  confinement  in  the  well.  As  a  result.  F.r?  is 
larger  than  in  bulk  ZnSe.  The  emission  peak  position  shifts  toward  lower 
photon  energy  with  increasing  temperature.  Obviously,  the  variation  of  its 
peak  energy  with  temperature  reflects  the  temperature  dependence  of  the  /nSe 
bandgap  [3.9]. 

As  was  seen  in  Fig. 13(a),  the  linewidth  becomes  homogeneously  broader 
with  increasing  temperature.  Using  eq.(3)’,  we  can  calculate  the  fraction  of 
exciton  which  contributes  to  recombination  and  thus  the  temperature 
dependence  on  z  zd  will  be  presented  as  same  as  A (T) . 

The  appearance  of  exciton  absorption  peaks  at  RT.  as  shown  in  Fig. 11. 
suggests  that  the  exciton  binding  energy  is  considerably  large  despite  the 
large  exc i ton-phonon  coupling.  As  mentioned  in  Ref.  (9]  .  the  exciton  binding 
energy  is  4  times  larger  than  that  of  three-dimensional  bulk  excitons  (about 
19  meV)  under  the  assumption  of  infinite  potential  well  [21].  Fig.  14  .shows 
the  temperature  dependence  of  the  emission  intensity  of  the  excitonic  peak 
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hit;.  13.  leaperatMrp  dopt'nderx'o  of  FIHM 
<ai  and  p<‘ak  posit  ion  ibl .  Tho  solid 
riirve  IS  caltulalod  by  eq.  1121. 
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Fig.  14.  Tht^raal  quenching  of  excitonir 
on  I  ss  ion  line  of  /nS«‘/.hS  Sl.S. 


obtained  under  the  weak  and  high  excitation  condi  I  The  thermal  quenc'hing 
of  the  ofliission  inton.sity.  under  weak  excitation  <ondition.  starts  from  dO  K 
and  shows  an  activation  energy  of  about  48  meV,  However.  >n  the  case  of  the 
high  excitation,  the  thermal  quenching  starts  from  about  11)0  K  and  the 
emission  intensity  is  maintained  up  to  300  K.  The  activation  energy  of  this 
quenching  i .s  estimated  to  be  71.3  meV  which  is  approximately  4  times  larger 
than  that  of  the  bulk  exciton  energy  Thus  we  suggest  from  the  thermal 
quenching  experimenl.s  that  the  thermal  dissociation  of  20  electrons  and  21) 
lioles  results  from  the  n-l  free-excitons  in  the  well. 


0.  llMlNESCbNCF,  I'ROPFRTIKS  OF  FIBONACCI  SFQFF.NCF 

The  purpose  is  to  explore  excitonic  properties  in  one  dimensional  quasi 
periodic  superlattice  with  a  modulation  following  u  Fibonacci  sequence.  This 
system  may  expert  the  Anderson  1  oca  I  i /.at  i  on  [291  of  excitons  in  the  quasi 


PibCTiWCC'  StS 
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infiruiTL 

Fig. 15.  A  finite  Fibonacci  structure 
and  type  \  band  structure  witU  A  and 
2A  potential  wells. 


Fig.  16.  Pi.  spectra  of  Fibonacci 
modulated  Sl.S  at  4.2  K. 
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periodic  structure.  These  properties  may  include  lar^je  nonlinear 
susceptibility  x  due  to  low-dimensionality  of  excilons  [11.291. 

The  present  F i bonacci -modulated  SIS  of  ZnSe/nS.  already  shown  in  Fig. 2. 
is  schematically  illustrated  with  a  simple  type  I  band  structure  in  Fig.  If). 
A(-ZnSe)  may  form  the  potential  well  and  AA(-2A  ZnSe)  also  form  the  pritentinl 
well.  We  expect  that  when  the  well  separation  increases  2A.  excilon  stales 
become  localized  at  some  site.  As  a  result,  tlie  localized  states  can 
contribute  significantly  to  photoluminescence  and  absorption. 

Fig.  16  shows  the  PL  spectra  of  a  finite  Fibonacci  .supei  lat  t  i  ce  at  4.2  K. 
We  observed  two  peaks  (2.8480  and  2.8124  eVI  which  may  be  attributed  to  the 
excitonic  emission  from  ZnSe  with  well  A  and  ZnSe  with  well  2A,  respectively. 
But.  the  emission  intensity  of  ZnSe(A)  is  weaker  than  that  of  ZnSefZA)  and 
the  peak  positions  shift  toward  higher  energy  when  the  N2  laser  excitation 
\\  MW/cm^)  was  used.  This  may  indicate  a  strong  localization  of  excilons  in 
the  2A  well  [30]. 


6.  CONCLUSIONS 

We  have  introduced  the  growth  and  the  excitonic  charac ter i zat i rn  ef 
ZnSe-ZnS  MOW  and  F i bonacci  modulated  quasiperiodic  SLSs  by  the  low-pressure 
MOeVD  method.  We  have  revealed  that  excitonic  luminescence  and  absorption 
which  originate  from  the  n=l  heavy-hole  exciton  transitions  occur  in  the  type 
I  band  structure.  However,  a  strong  localization  appears,  so  that  the 
control  of  the  well  layer  fluctuation  is  very  important  if  we  want  'to 
fabricate  the  photonics  devices.  ft  is  suggested  that  the  thermal  quenching 
experiment  indicates  the  dissociation  process  of  the  2D  excilons  through 
electrons  and  holes. 
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OPTICAL  PROPKRTIliS  OK  CdZnS-ZnS  STRAIHKD-I^Yra  SUPffiUTTICKS 
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ABSTRACT 

The  Cdg  3Zng  -^S-ZnS  strained-layer  superlattices  has  for  the  first  time 
been  fabricated  on  (lOO)GaAs  substrates  by  a  low-pressure  MOCVD  method. 
E.xciton  luminescence  properties  were  invcstigaled  by  the  photoluminescence 
spectroscopies  which  show  that  the  quantum  confinement  effect  of  excltons 
occurs  in  the  CdZnS  alloy  layer.  Temperature  dependence  of  the  exciton 
properties  reveals  a  dominant  scattering  process  which  originates  from 
exclton-phonon  interact  ion(  i'.  Q=68raoV) .  Nevertheless,  the  large  exciton 
binding  energy  of  about  lG6meV  makes  it  possible  to  produce  the  exciton  peak 
at  room  temperature.  The  effect  of  external  electric  field  on  the  exciton 
Intensity  and  its  peak  position  is  found  and  is  tentat ivi  ly  interpreted  in 
terms  of  a  quantum  confined  Stark  effect. 


1 . INTRODUCTION 

Of  available  wide  bandgap  Il-Vl  compounds,  it  has  ri'cently  bei-n  revealed 
that  quantum  well  and  superlattice  structures  enhance  the  exciton  effects 
(1.2|  as  well  as  In  III-V  materials.  Among  ll-VI  materials.  ZnS  and  CdS  have 
large  exciton  binding  energies  which  have  been  estimated  to  be  40meV  and 
28meV  [3|.  respectively.  If  this  alloy,  CdjZnj.^S  is  used  to  form  a 
superlattice  with  ZnS.  then  It  acts  as  a  well  for  electrons  and  holes,  and  as 
a  result  Its  electric  structure  is  modified  by  quantum  confinement.  However, 
it  Is  expected  that  the  CdZnS  well  is  considerably  under  compressive  strain, 
while  the  ZnS  barrier  receives  tensile  strain  due  to  the  lattice  mismatch 
between  them.  Namely  this  structure  exhibits  a  strained-layer  superlatlice 
(SLS)  in  nature  within  a  certain  critical  thickness  14.51 . 

Both  quantum  confinement  effect  and  biaxial  compression  will  increase 
the  effective  energy  bandgap  of  the  CdZnS  well,  so  exciton  properties  are 
much  affected  by  the  band  structure  changes  which  remove  the  degeneracy  of 
the  valence  band.  Furthermore,  cubic  symmetry  of  the  alloy  material  will  bo 
lost,  which  makes  It  possible  to  create  the  anlstropy  In  the 
susceptibilities.  So,  the  large  nonlinear  effect  of  the  excltons  In  the 
present  SLS  will  appear. 

Our  objective  for  Investigating  exciton  properties  of  the  CdZnS-ZnS  SLS 
is  as  follows;  (1)  observation  of  the  RT  exciton  emission,  (il)  scattering 
mechanism  and  localization  of  excltons  in  the  alloyed  CdZnS  well  and  (ill) 
quantum  confined  Stark  effect. 

We  are  concerned  In  this  paper  with  the  characteristics  of  excltons  In 
Cdg  gZhg  yS-ZnS  SI.Ss  grown  by  low-pressure  metalorganic  chemical -vapour- 
deposition  (MOeVD).  Our  discussion  will  concentrate  on  the  temperature  and 
external  electric-field  dependence  of  photoluminescence  properties  which  will 
be  originated  from  quasi  two-dimensional  excltons. 


2. FABRICATION  OF  STRAINED-LAYER  SUPERI.ATTICE  AND  STRUCTURAI,  PROPERTIES 

The  CdZnS-ZnS  SI.Ss  were  grown  by  all  gaseous  low-pressure  WOCVD  method 
14, 5|.  Each  layer  was  alternatively  deposited  on  a  Cr-doped  semi - i nsu I  at Ing 
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Fig.l  X-ray  diffraction  satellite 
spectrum  of  a  Cdg  3X00  ^S-XoS  SLS  on 
(lOO)GaAs  substrate.' 


Fig. 2  2MeV  plane-view  TEN 
bright-fleld  image  and  electron 
diffraction  pattern. 


GaAs  substrate.  As  gas  source  materials,  1%  Dlmethylzlnc  ((0113)27.11)  and 
0.13%  Dlmethylcadmium  ((CH3)2Cd).  each  of  them  was  diluted  with  a  He  gas, 
were  used  together  with  10%  H2S  in  H2.  in  the  growth  of  the  super  I att i ces , 
the  operation  pressure  in  the  reactor  was  maintained  at  below  1  Torr. 

We  have  used  X-ray  diffraction  and  plane-view  high-voltage  transmission 
electron  microscope  (TEM)  to  characterize  the  crystalline  structure  and  the 
quality  of  the  films. 

Fig.l  shows  the  X-ray  diffraction  spectrum  of  a  €d()  jS'Zn.S  Sl.S  on  a 

(lOO)GaAs  substrate.  There  appear  several  clear  satellite  peaks  (n=tl.2) 
around  n=0th  peak.  A  total  thickness  (Lw*l.b)  is  calculated  to  be  124A,  so 
that  the  well  (Lw)  and  barrier  (l.b)  layer  thickness  are  estimated  to  be  about 
57A  and  STA,  respectively. 

Average  lattice  constant  of  this  compositional  alloy  Is  assumed  tc  be 
5.532.A,  thus  the  critical  thickness  of  each  layer  is  estimated  to  bo  about 
80A.  Fig. 2  shows  a  plane- view  TEM 

bright-fleld  Image  and  electron 
diffraction  pattern  observed  by  a  2MeV 
electron  of  a  Cdg  nZog  -^SIStAI-ZoSIGtA) 

SLS  after  removal  of  the  GaAs  substrate 
(where  a  total  layer  thickness  is 
approximately  SOOOA).  No  morie  fringes 
can  be  seen  In  the  (100)  epitaxial  layer 
and  as  a  result  its  cohereney-grown  SLS 
layer  with  (100)  orientation  can  be 
realized.  The  electron  diffraction 
pattern  appears  to  be  spotty  supports 
the  good  epitaxial  film.  It  Is 
reasonable  to  consider  that  below  80A 
thick  there  appear  no  structural  defects 
and  the  strained-layer  can  be  formed  as 
Judged  from  the  results  of  Flgs.l  and  2. 

Photoluminescence  (PL)  measurements 
were  performed  at  4.2K.  The  dispersed 
signal  by  a  Im  Jobln-Yvon  single  MOLE  FRACTION  X 

monochromator  was  lead  to  the  photo¬ 
multiplier  and  analyzed  by  a  Fig. 3  Energy  bandgap  Eg  (4.2K)  and 
conventional  lock-ln  detection  system.  cxclton  binding  energy  Eb 

A  lle-Cd  laser  (325nm,  IQmW/cm'^)  and  a  83  calculated  for  Cd^Znj.^S  as  a 

laser  (337. Inm,  IMW/cm'^)  were  used  as  function  of  x. 
excitation  sources.  The  temperature 
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dependence  of  the  PL  were  also  measured  using  a  temperature-variable  cryostat 
(4.2K  or  19K)  up  to  RT.  External  electric-field  dependence  of  the  PI,  was 
measured.  For  the  experiment  of  the  external  electric-field  effect.  Si -doped 
n*-type  (lOO)GaAs  substrates  (10  '*  Q-ciii)  were  used.  The  preparation 
procedures  of  the  sample  are  as  follows  :  First,  to  form  the  ohmic  contact  to 
n*-type  GaAs  substrate,  Au-Ge  film  was  evaporated  on  the  GaAs  substrate  and 
subsequently  annealed  at  490  1:  In  K2  atmosphere  for  ISmin.  Second,  Au  film 
(the  thickness  of  about  5oA)  was  evaporat'd  on  the  surface  of  the  Sl.S  to  form 
the  Schottky  barrier  contact  at  10"°  Torr.  Finally.  Cu-wlre  was  fixed  on  the 
surfaces  of  each  evaporated  film.  The  external  electric-field  of  about  an 
order  of  10‘*V/cm  was  perpendicularly  applied  to  the  (100)  growth  direction. 


3. RESULTS  .A.ND  DISCUSSION 


3.1  Energy  gap  and  exciton  binding  energy  of  the  CdXnS  alloy 

It  has  been  well  known  that  ZnS  generally  forms  a  mixed  texture  of  cubic 
and  hexagonal  structures,  while  CdS  forms  a  hexagonal  structure  with 
exception  of  a  few  recent  reports  14.5).  When  ZnS  can  alloy  with  CdS.  the 
apparent  band  gap  energy  Eg  of  this  alloy  decreases  with  composition  x(=Cd). 
Using  the  physical  quantities  such  as  each  hexagonal  band  gap  and  bowing 
parameter  (b).  the  Eg  of  the  binary  compounds  (3|  is  expressed  by 

gg  CdxZn(.xS(x)  =0.61(1-x)2*0.719(1-x)*2.582  (eV)  11) 

where  each  band  gap  of  ZnS  and  CdS  at  4.2K  Is  3.91 leV  and  2.582eV. 
respectively,  and  b  is  O.6I0V  |31.  Fig. 3  shows  the  calculated  Eg  (4.2K)  as  a 
function  of  x,  where  the  Eg*^  means  the  band  gap  of  the  cubic  ZnS  crystal. 

On  the  other  hand,  the  exciton  binding  energy  can  be  simply  calculated 
as  a  function  of  x  using  the  virtual-crystal  approximation  (VGA)  model  for 


Fig. 4  Excl ton-emission  bands 
at  4.2K  of  Cdg  gZng  yS-ZnS 
SLSs  as  a  function  of  well 
thickness  at  a  constant 
barrier  of  81L 


Fig. 5  Energy  shift  of  the  peak 
position  and  llnewldth  as  a 
function  of  well  thickness. 
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effective  Bass  and  dielectric  constant  in  the  alloy  crystal  |6|.  If  this 
model  is  applicable  to  estimate  the  free-exciton  energy  for  the  ground-state, 
the  binding  energy  Eg(x)  Is  presented  by  following  equation. 


Eb(x)-R(^  + 


xua  (1-^ 


x(l 


xmbM1-x)Ma  Ea  "B 


(2) 


where  ^A  b  reduced  mass  of  electrons  and  holes,  ca  b  dielectric 

constant’and  R  Is  Rydberg  constant.  For  cubic  ZnS  and  CdS  crystals,  we  used 

7nS°®  CdS'®  •  andCrgg^B-lB  11,31.  The  calculated  results 

are  also  plotted  In  Eig.l.  The  Eb(x)  of  Cdg  bZOq  -jS  Is  calculated  to  be 

about  35meV  and  thus  the  Bohr  radius  Is  calculated  to  be  ZdA.  The  dependence 
of  both  Eg  and  Eg  on  x  Indicates  a  similar  behavior. 


3.2  PI.  properties  of  Cd0.3Zn0.7S-ZnS  SLS 

Fig. 4  shows  general  spectral  changes  of  the  lineshape  at  4.2K  of  a 
Cdg  gZnQ  ^S-ZnS  SI.S  as  a  function  of  well  (l.w)  at  a  constant  barrier 
thicRness  (8lA).  With  decreasing  the  Lw,  the  peak  position  moves  toward 
higher  energy,  while  the  linewldth  (FWIIM)  increases  dramatically.  Elg.5 
represents  both  the  peak  position  and  FWHW  value  as  a  function  of  well  width. 
Below  30A  well  thickness,  the  FWilM  is  significantly  increased.  Since  the 
well  width  becomes  smaller  than  the  Bohr  radius,  the  localization  of  excitons 
will  significantly  take  place.  Also,  it  means  that  strong  quantum 
confinement  relates  to  the  exciton  transition.  If  we  assume  that  this  SI.S 
structure  belongs  to  a  type  I  heterojunction,  the  conduction  band  offset  is 
relatively  larger  than  that  of  the  valence  band.  Consequently,  the  electrons 


TEMPERATURE(K) 


Fig. 6  Temperature  dependence  of 
linewidth  (a)  and  energy  peak 
position  (b)  of  a  Cdg  jZng  yS-ZnS 
SI.S  (1,w=57A  and  l,b=67A). 


Fig. 7  Temperature  dependence  of 
luminescence  intensity  of  a 
Cdg  gZng  yS-ZoS  SI.S  sod  the  spectra 
taken  at  4.2K  and  RT. 
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are  strongly  confined  In  the  potential  well. 

Fig. 6(a)  and  (b)  show  the  temperature  dependence  of  the  FWllil  and  peak 
position  of  a  Cdg  3X00  yS-ZnS  S1.S  (Lw=57A,  Lb=67A  and  100  periods), 
respectively.  The  solla'curve  for  the  theoretical  linewldth  broadening  of 
(a)  is  described  using  the  following  equation  12|. 


r  =ro+rgT*riexp(-Eb/kBT)*rLo/|exp(hu.,o/k3T)-l  1  (3) 

where  Fq  is  the  llnewidth  at  4.2K,  r„  Is  the  strength  of  acoustic  phonon- 
exciton  interaction,  Fj  Is  the  coefficient  of  the  fluctuation  of  excitons 
trapped  at  defect  sites  and  Eb  is  assumed  to  be  an  ionization  energy  of 
localized  center  which  binds  excitons,  and  F.q  Is  the  strength  of  1.0  phonon- 
exclton  Interaction  andTuaiQ  Is  about  42nieV  for  Cd^  3X00  yS  alloy.  Lslng 
FQ=54.8meV,  Fg=5.0xi0'°  eV/K,  rj=66BeV,  F[Q=68ineV  and' Eb=i8iiinV.  we  can  draw 
the  solid  curve  which  is  in  good  agreement  with  the  experimental  points.  The 
peak  position  moves  toward  lower  energy  with  increasing  temperature  and  this 
behavior  appears  to  exhibit  the  temperature  variation  of  the  band  gap  of  the 
quantum  well. 

Fig. 7  shows  the  temperature  dependence  of  the  exciton  emission  intensity 
of  the  same  SLS  sample.  The  activation  energy  for  the  thermal  quenching  is 
estimated  to  be  about  166meV  which  is  two  times  larger  than  that  of  ZnSe-ZnS 
SLS  [2|.  On  the  basis  of  our  previous  assumption  (21,  this  activation  energy 
corresponds  to  the  dissociation  energy  of  excitons  through  electrons  and 
holes.  The  166meV  will  give  the  Is  exciton  binding  energy,  in  the  Insert  of 
Fig. 7,  the  spectra  obtained  at  RT  and  4.2K  under  a  He-Cd  laser  excitation 
condition  were  displayed. 


3.3  Static  electric  field  effect 

The  spectral  change  of  the  Pi,  bands  of  a  Cdg  3Zng  yS-ZnS  SIS  (l.w=77A. 


WAVELENGTH  (nm) 


lg.8  Electric-field  de- 
endence  of  exciton 
missions  at  19K  of  a 
oZno  TS-ZnS  SI.S  (Lw=77A 


xur: 


ELECTRIC  FI  ELDCt'K^V/coi) 


Fig. 9  Dependence  of  the  intensity  and  peak 
position  on  electric  field. 
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Lb=81A  and  a  period  of  100  cycles)  at  19K  Is  shown  in  h'ig.8  as  a  function  of 
electric  field.  With  increasing  electric  field  under  reverse  bias 
conditions,  the  band  slightly  decreases  in  Intensity.  Fig. 9  shows  the  static 
field  dependence  of  the  peak  position  and  PL  intensity  as  a  function  of 
reverse  bias.  PL  intensity  decreases  and  the  peak  position  shifts  toward 
lower  energy  side  with  increasing  electric  field.  We  found  the  energy  shift 
of  about  2ineV  at  lOV  (E~10^V/cm) .  A  critical  field  of  exciton  ionization  due 
to  electric  field  is  estimated  to  be  about  lO^V/cm  |7).  However,  the  exciton 
band  is  not  significantly  decreased  in  intensity  even  over  lirv/cm.  A 
slightly  decreased  luminescence  intensity  may  be  caused  by  the  tunnel  out  of 
electrons  or  holes  through  the  well  within  the  barrier.  The  energy  downshift 
with  electric  field  may  be  related  to  a  quantum  confined  Stark  (!ffect  [8,91. 


4. CONCLUSION 

The  plane-view  TEM,  electron  diffraction  pattern  and  X-ray  diffraction 
measurements  Indicate  that  the  CdQ  37.nQ  -^S-ZnS  multiple-quantum  well 
structure  consists  of  the  strained-layer  superlattice  below  each  8oA  layer 
thickness.  From  the  well  width  and  temperature  dependence,  the  exciton 
luminescence  shows  the  strong  quantum  confinement.  We  have  observed  the  RT 
exciton  luminescence  at  3.28GeV  and  the  thermal  activation  energy  of  excitons 
is  estimated  to  be  166meV  largest  in  the  present  semiconductor  Sl.Ss,  despite 
the  large  LO  phonon-exclton  interaction  ( r^^o=68meV) .  The  electric  field 
applied  perpendicularly  to  the  (100)  direction  leads  to  the  decrease  in  the 
luminescence  intensity  and  the  energy  downshift  of  the  peak  position,  so  we 
suggest  that  this  phenomena  may  be  caused  by  the  quantum  confined  .Stark 
effect . 
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ABSTRACT 

A  system  has  been  developed  for  accurately  measuring  life¬ 
times  for  photo-induced  excess  current  carriers  in  semiconductors 
using  the  transient  photoconductivity  decay  method.  The  specifi¬ 
cations  of  state-of-the-art  equipment,  considerations  peculiar  to 
the  capture  of  fast  transient  pulses,  and  sophisticated  statisti¬ 
cal  data  analysis  techniques  are  discussed.  Experimental  results 
are  presented  to  demonstrate  the  capability  of  the  system  (a)  to 
measure  lifetimes  in  the  40-ns  -  75-rs  range  for  temperatures 
varying  from  77K  to  300K  with  10%  accuracy  for  single  lifetime 
decays  and  30%  accuracy  for  individual  effective  lifetimes  in  a 
multi-component  decay,  and  (b)  to  use  a  300-ns  lifetime  photocon¬ 
ductor  as  a  detector  to  measure  nanosecond-time-scale  structure 
of  laser  pulses.  The  predominant  excess  carrier  lifetimes  of 
HgCdTe  samples  grown  at  NCSU  by  photoassisted  molecular  beam  epi¬ 
taxy  (PAMBE)  ranged  from  46  ns  at  300K  to  341  ns  at  77k.  CdTe 
samples  and  CdMnTe-CdTe  superlattices  ex..ibited  a  multi-component 
decay  with  the  two  longest  components  having  effective  lifetimes 
of  26  ns  and  4  ns  for  CdTe  and  75  ns  and  10  ns  for  CdMnTe-CdTe. 
These  values  were  relatively  insensitive  to  temperature  varia- 
t  ion . 


TRANSIENT  BEHAVIOR  OF  PHOTO-INDUCED  CARRIER  CONCENTRATION 

The  rate  of  change  of  the  photo-induced  current  carrier  con¬ 
centration,  An(t),  for  a  semiconductor  whose  excess  carriers  are 
lost  only  by  local  recombination  in  the  bulk  material  with  a 
single  lifetime  X  is  given  by  [1] 

3  (An)  ^  .J.J  _  An  (t) 

f  .  (1) 

The  term  g(t)  =  Ci,L(T)  is  the  rate  of  production  of  carrier 
concentration  and  is  proportional  to  the  laser  intensity  L(t). 
The  solution  to  Eq.  (1)  is  the  convolution, 

An(t)  =  (  g(t')  dt '  e” 

•'0  (2) 

At  the  end  of  the  laser  pulse,  the  concentration  is  An(tL)  = noA© 
where  no  =  n(t)  -  An(t)  is  the  steady-state  carrier  concentration 
and  Ao  *  10"^  -  IQ-^  .  The  excess  concentration  subsequently 
decays  according  to 


An(t)  =  noAoe 


(3) 
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in  which  t  in  Eq .  (3)  and  below  is  t  -  11  in  Eq .  (2).  The  decay 

is  sometimes  more  complex  than  a  simple  exponential  form  and  must 
be  represented  by  one  of  the  following  models. 

(a)  Decay  from  different  conduction  bands  or  trapping  levels  [1] 

An(t)  =  no(Aie"*^^''^  +  +...).  (4) 

(b)  Bulk  and  surface  recombination  for  a  finite-thickness  sam^^le 


An(t)  =  noV  A^e 

K  .  (5) 

The  Xic  are  geometry-dependent  eigenvalues  and  Aic  are  the  local 
excitation  coefficients  for  the  spatial  modes  in  the  solution 
of  the  continuity  equation  (1,2). 

(c)  Bulk  and  surface  recombination  for  a  semi-infinite  sample  [3] 

An(t)  =  noAoexp  [t/'C(S^-l)  erfc  (sVt/T)  1^  (6) 

where  S  =  sx/L,  s  =  surface  recombination  velocity,  L  =  diffusion 
length  of  the  minority  carriers,  and  x  =  recombination  lifetime. 

Deviations  from  the  above  decay  curves  can  be  caused  by  the 
following  physical  factors.  An  excessive  applied  electric  field 
can  be  a  problem  for  p-type  samples.  Illumination  of  nonohmic  or 
rectifying  contacts  can  produce  a  photovoltaic  signal.  Non- 
uniform  illumination  of  the  sample  can  cause  a  departure  from  an 
exponential  decay.  An  intense  laser  pulse  can  (1)  invalidate  the 
assumption  of  a  small-signal  level,  Ao  <<  1,  and  (2)  change  the 
resistance  by  increasing  the  temperature. 


THE  TRANSIENT  PHOTOCONDUCTIVE  DECAY  METHOD 

Figure  1  shows  the  equiva¬ 
lent  circuit  for  our  implemen¬ 
tation  of  the  transient  photo- 
conductive  decay  method  (1). 

A  laser  pulse  produces  the 
carrier  concentration  An(t) 
which  causes  the  following 
transient  change  in  the  con¬ 
ductivity  and  resistance  of 
the  sample. 


q(t)  ^  Rq  =  1  +  '^n  (t) 

R3(t)  "o  ,  (7) 

in  which  the  subscript  o  denotes  steady-state  values.  The  cur¬ 
rent  through  the  sample  is  I  (t)  =  Eb/(Rl  Rs(t)].  With  the 
assumption  that  An(t)/no  «  1,  the  voltage  observed  by  the  oscil¬ 
loscope  is 


Fig.  1.  Equivalent  circuit. 


=  IqRl 


IoRl 


Rq+Rl 


An  (t) 


VL(t)  =  RLl(t) 


n. 


(8) 
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The  shape  of  the  decay  curve  depends  on  the  model,  ranging  from  a 
simple  or  multiple  exponential  form  after  the  laser  pulse  to  a 
convolution  according  to  Eqs .  (2) -(6)  for  An(t)/no. 


DESCRIPTION  OF  THE  EXPERIMENTAL  SETUP 


The  most  important  consid¬ 
eration  in  designing  this  sys¬ 
tem  is  the  selection  of  compo¬ 
nents,  circuits,  and  data  ac¬ 
quisition  equipment  that  can 
capture  the  true  transient  be¬ 
havior  of  the  photo-induced 
current  without  distortion. 
Possible  sources  of  distortion 
for  nanosecond-time-scale  sig¬ 
nals  include:  (a)  reflections 
at  impedance  discontinuities 
in  the  signal  path  from  the 
sample  to  the  oscilloscope; 

(b)  reflections  associated 
with  the  bias  voltage  source, 
or  a  non-constant  voltage 
source  at  the  sample  circuit; 

(c)  inadequate  high-  and  low- 
frequency  response,  voltage 
amplification,  or  digital  ac¬ 
curacy  of  the  oscilloscope; 

(d)  electrical  noise  generated 
by  the  laser  supplying  the  op¬ 
tical  pulses  or  by  the  bias 
power  supply;  and  (e)  fre¬ 
quency  dependent  attenuation 
characteristics  of  coaxial  ca¬ 
bles  and  connectors. 

A  block  diagram  of  our  ex¬ 
perimental  setup  is  shown  in 
Fig.  2  and  a  circuit  diagram 
in  Fig.  3.  The  sample  was 
cooled  in  a  Janis  Research 
Company  model  8DT  detachable 
tail  dewar.  The  sample  tem¬ 
perature  was  controlled  with  a 
Lakeshore  Cryotronics  model 
DRC-91C  temperature  controller 
not  shown.  A  Spectra  Physics 
model  171  argon  ion  laser  with 
a  model  344  cavity  dumper  pro¬ 
vided  the  10-ns  FWHM  optical 
pulses  with  wavelengths  457.9 
-  514.9  nm  at  a  repetition 
frequency  0-4  MHz.  A  battery 


Fig.  2  Block  diagram  of  sys¬ 
tem  showing  sample  in  Janis 
dewar.  Legend:  D  =  photodiode 
detector,  F  =  attenuation  fil¬ 
ter,  LN2  =  liquid  nitrogen.  Mi 
=  mirror,  M2  =  partially  re¬ 
flecting  mirror. 


Pow«c  Supply  0«w«r  Oactlleseopc 


Fig.  3.  Circuit  diagram  for 
the  system.  The  oscilloscope 
is  shown  on  AC  coupling. 


powered  circuit  supplied  the  dc  bias  voltage  for  the  sample. 

The  laser  pulse  was  monitored  with  a  Spectra  Physics  model 
403B  ultra-high  speed  silicon  photodiode  with  a  risetime  less 
than  SO  ps .  The  average  laser  power  was  measured  with  a  Laser 
Precision  RK-5720  power  ratiometer.  The  signal  was  captured  with 
a  1-GHz  Tektronix  11402  digitizing  and  sampling  oscilloscope. 
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Most  signals  were  recorded  with  14-bit  accuracy  at  5000  points  in 
time  with  signal  averaging  set  at  1024  scans.  Data  was  down¬ 
loaded  to  a  DEC-Pro  microcomputer  and  processed  on  a  VAX  11/750 
computer.  One  of  the  several  electrical  circuits  successfully 
used  for  lifetime  measurements  is  shown  in  Fig .  3. 


DATA  ANALYSIS  TECHNIQUES 

Several  linear,  iterative  linear,  and  nonlinear  least  squares 
procedures  were  used  to  fit  the  data  to  Eq.  (8)  for  the  various 
models  discussed  above.  One  must  make  decisions  on  the  following 
factors  before  fitting  a  curve:  (a)  the  determination  of  the 
baseline--either  letting  it  be  a  search  parameter  during  the  fit 
or  using  a  fixed  average  of  the  data  over  some  appropriate 
plateau  region  before  or  after  the  decay;  (b)  the  theoretical 
model--using  a  single  or  multiple  lifetime  or  more  complex  decay, 
or  a  convolution  model;  (c)  Che  region  of  time  for  the  curve  fit 
--starting  (1)  at  the  beginning  of  the  laser  pulse,  (2)  immedi¬ 
ately  following  the  end  of  the  laser  pulse,  or  (3)  after  the 
early  decay  of  very  short  effective  lifetimes,  and  ending  before 
or  after  the  transient  has  decayed  into  the  baseline;  and  (d) 
choice  of  weighting  factors  for  the  linear  and  nonlinear  least 
squares  fitting.  Some  laser  pulses  have  long  tails  extending  10 
-  20  times  the  FWHM  past  the  peak.  For  these  pulses  one  must  use 
the  convolution.  Eg.  (2),  if  the  fitting  region  begins  before  Cl. 

If  the  lifetime  is  known,  a  photoconductor  can  be  used  as  a 
detector  of  the  laser  pulse  with  this  system  even  if  x  >>  Cl- 
Fro,T.  Eq.  (8),  the  excess  carrier  concentration  An(t)  is  found  to 
be  proportional  to  the  voltage,  VL(t),  less  the  baseline,  IqRl. 
The  laser  pulse  shape,  L(t),  can  be  computed  from  the  VL(t)  data 
using  Eq.  (8)  for  An(t)  in  Eq.  (1)  and  numerically  differentiat¬ 
ing  to  obtain  L(t)  “  g(t).  The  lifetime  X  lor  use  in  Eq .  (1)  can 
be  obtained  from  the  data  as  shown  in  Fig.  4. 


EXPERIMENTAL  RESULTS 

A  Hgi-xCdxTe  sample  grown 
at  the  Santa  Barbara  Research 
Center  with  the  liquid  phase 
epitaxy  (LPE)  method  was  se¬ 
lected  for  making  extensive 
tests  of  the  system  and  for 
studying  the  influence  of  sys¬ 
tem  components  and  analysis 
parameters  on  the  computed 
lifetime.  The  sample  thick¬ 
ness  was  5.3  pm  and  the  x 
value  was  0.26.  Figure  4 
shows  a  semi-logarithmic  plot 
of  the  data  observed  at  77K. 
The  spacing  between  data 
points  was  4  ns  and  between 
laser  pulses  was  244  ps .  The 
average  laser  power  was  less 
than  3  mW  and  the  bias  voltage 
applied  to  the  sample  was  1.5 
volts . 


O.S  I  M  3  I )  ) 

Time  0*5) 

Fig.  4.  Decay  of  photo-in¬ 
duced  current  for  the  HgCdTe 
SBRC  sample  at  77K  and  theo¬ 
retical  straight-line  curve 
fit  with  X  =  514  ns. 
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The  straight  line  is  a  theoretical  fit  computed  with  the 
nonlinear  least  squares  program  which  searched  for  the  baseline 
as  well  as  the  lifetime  and  transient  amplitude  over  a  five¬ 
lifetime  time  interval  denoted  by  large  tic  marks  with  arrows. 
The  following  equation  obtained  by  the  program  for  the  fit, 

v(t)  =  -<S75.93  +  5.57  e“  t  >  585  ns,  (9) 

with  V  in  mV,  and  t  in  ns  is  in  excellent  agreement  with  the  data 
over  two  orders  of  magnitude  of  decay  with  a  single  lifetime  of 
514  ns.  The  early  data  lying  above  the  theoretical  curve  may  be 
due  in  part  to  the  long  tail  of  the  laser  pulse  and  in  part  to  a 
short  lifetime  component  in  the  decay. 

The  excess  carrier  lifetime  for  the  SBRC  sample  increased 
from  298  ns  at  300K  to  a  maximum  of  754  ns  at  225K  and  then 
decreased  to  a  minimum  of  427  ns  at  90K  after  which  it  increased 
to  514  ns  at  77K.  The  accuracy  of  the  lifetimes  is  10-15%  based 
on  repeated  measurements,  the  length  of  the  fitting  region,  and 
the  variation  of  values  when  analyzed  with  various  fitting 
routines,  weights,  and  fitting  regions. 

We  next  demonstrated  the  capability  of  the  system  to  measure 
the  shape  of  the  laser  pulse  using  this  sample  at  300K  as  a 
detector.  The  rise  of  the  signal  (upper  points)  is  shown  in  Fig. 
5  on  a  greatly  expanded  time  scale.  The  straight  line  is  a  sin¬ 
gle  lifetime  fit  (X  =  298  ns)  extrapolated  bac)<  from  the  region 
of  fit.  The  computed  laser  shape,  shown  as  the  lower  curve  (with 
arbitrary  intensity  units),  has  the  same  FWHM,  8.4  ns,  as  the 
laser  pulse  measured  directly  with  a  fast  photodiode  (shown  in 
Fig.  6)  .  Even  the  fine  structure  is  resolved  by  the  system. 
These  results  demonstrate  the  high  frequency  and  risetime 
characteristics  of  the  system  as  well  as  its  accuracy  and  freedom 
of  noise  pic)cup. 

Measurements  of  a  HgCdTe  sample  grow.n  wor'-b  ra’-clir.a  State 
University  (NCSU)  with  the  PAMBE  method  yielded  single  lifetimes 
which  ranged  from  46  ns  at  300K  to  341  ns  at  77K.  The  thiOcness 
of  the  sample  was  2.55  (im  and  the  x  value  was  0.26. 


Time  (^) 

Fig.  5.  Initial  rise  of 
photo-induced  current  for  the 
SBRC  HgCdTe  sample  at  300K 
(upper  points)  used  to  calcu¬ 
late  the  laser  pulse  shape  and 
the  calculated  laser  pulse 
shape  (lower  points) .  FWHM  = 
8.4  ns . 


Fig.  6.  Laser  pulse  measured 
with  a  fast  silicon  photodi¬ 
ode  .  FWHM  =  8.4  ns .  The  mod¬ 
ulated  fine  structure  is 
caused  by  interference  between 
components  of  the  diffracted 
beam. 
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The  CdTe  samples  grown 
with  PAMBE  at  NCSU  [4)  exhib¬ 
ited  a  complex  decay  that  re¬ 
quired  at  least  a  two-lifetime 
model  for  fitting  the  longer 
lifetime  components.  Figure  7 
shows  a  decay  analysis  for 
sample  292  at  77K  for  a  two- 
component  fit  starting  at  2  ps 
after  the  laser  pulse.  The 
sample  thickness  was  5.05  pm 
and  Hal’  measurements  at  80K, 
using  the  Van  der  Pauw  method, 
showed  it  to  have  mobility,  Pn 
=  3.29x103  cm^/V-s  with  a  car¬ 
rier  concentration,  n  = 

3.22x1015  cm"3 .  The  bias  volt¬ 
age  for  the  sample  was  1.0 
volt,  and  laser’s  repetition 
rate  and  average  power  were 
4.1  kHz  and  2.4  raW,  respec¬ 
tively.  Shorter  effective 
lifetime  components  exist  in 
the  decay  prior  to  2  ps  and 
are  not  shown.  The  upper  points  ate  the  original  data  (less  the 
baseline),  and  the  straight  line  passing  through  the  data  is  the 
long  lifetime  component,  Vie~^'^^l.  The  lower  lying  points  were 
calculated  by  subtracting  the  extrapolated  long  lifetime 
component  from  the  earlier  data.  The  straight  line  through  these 
points  is  the  short  lifetime  component,  V2e"'-'^^2,  xhe 
theoretical  curve  Vie”*-^^!  V2e”*-'^^2  completely  overlays  the 

earlier  data  points  and  the  ti  curve  at  long  t'mes  and  is  not 
separately  discernible.  The  two  longest  effective  lifetimes  were 
26  ps  and  4  ps  at  77k,  and  they  did  not  vary  significantly 
throughout  the  temperature  range  to  275K. 

Two  CdMnTe-CdTe  superlattice  samples  produced  by  the  PAMBE 
process  using  modulation  doping  with  indium  at  NCSU  [5,6)  were 
investigated.  The  decays  for  these  sample  were  also  complex  but 
had  somewhat  longer  lifetimes  than  those  of  the  CdTe  samples. 
Sample  228  had  a  well  thickness  of  75A,  and  a  mobility  at  80K, 
Pn  =  4.4X10^  cm7/v-s  with  a  carrier  concentration,  n  =  l.OlxlQl® 
cm"7.  Room  temperature  values  were  Pn  =  2.55x10^  cm^/V-s  and  n  = 
3.15x10^5  cm'^.  The  curve  fit  for  this  sample  in  the  region  be¬ 
ginning  at  2  ps  after  the  laser  pulse  required  effective  life¬ 
times  of  approximately  75  ps  and  10  ps  at  77K.  These  values  de¬ 
creased  slightly  as  the  temperature  increased  to  290K. 


Fig.  7.  Decay  of  pho^o-in- 
duced  current  for  the  NCSU 
CdTe  sample  292  at  77k  (Ti  - 
2  6  ps,  T2  =  4  ps)  . 


SUMMARY 

The  development  and  experimental  demonstration  of  a  state-of- 
the-art  measurement  and  analysis  system  for  determining  the 
transient  behavior  of  excess  carriers  in  semiconductors  with 
lifetimes  «  20  ns  -  100  ps  over  the  temperature  range  77K  -  300K 
using  the  transient  photoconductivity  decay  method  have  been 
described.  Excess  carrier  lifetime  results  were  presented  for 
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some  II-VI  films  and  super latt ices .  Additional  measurements  are 
required  to  extract  minority  carrier  lifetimes  from  these  results 
for  compariSv^n  with  theory  [7).  This  paper  dealt  primarily  with 
a  description  of  our  experimental  setup  and  a  demonstration  of 
its  capability.  Comparisons  of  data  with  physical  parameters  and 
theory  will  be  presented  in  a  later  work. 
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ABSTRACT 

This  paper  will  review  recent  progress  in  the  growth  of  II-VI 
semiconductors  at  NCSU  by  photoassisted  molecular  beam  epitaxy,  an 
energy-assisted  growth  technique  in  which  the  substrate  is 
illuminated  during  the  entire  growth  process.  The  materials 
focused  on  here  include  undoped  and  As-doped  CdTe,  As-doped 
HgCdTe,  and  In-doped  HgCdTe.  These  materials  were  grown  as  single 
epilayers,  as  well  as  incorporated  in  other  structures  including 
hetero junctions  and  modulation-doped  super latt ices .  The  photo¬ 
assist  during  growth  has  allowed  a  substantial  reduction  in 
substrate  growth  temperatures,  as  well  as  an  enhanced  activation 
of  n-type  and  p-type  dopant  species.  The  structural,  electrical, 
and  optical  properties  of  the  samples  will  be  discussed  below. 


INTRODUCTION 

The  family  of  II-VI  semiconductors  has  long  received  interest 
from  the  electro-optics  community  owing  to  their  wide  range  of 
bandgaps  from  the  ultraviolet  (UV)  to  the  infrared  (IR) .  Efforts 
in  recent  years  at  laboratories  around  the  world  have  focused  on 
the  lingering  problem  of  establishing  control  over  n-type  and  p- 
type  doping  in  the  II-VI's.  In  1986,  at  North  Carolina  State 
University  (NCSU) ,  a  new  growth  technique  called  photoassisted 
molecular  beam  epitaxy  <MBE)  was  reported  to  give  control  over  n- 
type  and  p-type  doping  in  CdTe  [1,2).  The  first  all  thin  film  in- 
situ-grown  CdTe  pn- junction  was  reported  soon  after  the  initial 
work  (3).  Enhanced  doping  using  the  photoassisted  technique  has 
since  been  reported  in  other  II-VI  semiconductors,  including  thin 
films  of  CdMnTe  and  CdMnTe-CdTe  superlattices  [4],  and  HgCdTe  [5]. 
Reports  of  devices  made  from  these  doped  thin  films  [6-8]  show 
great  promise  for  future  applications  of  II-VI  materials. 

The  intent  of  this  paper  is  to  summarize  progress  achieved  at 
NCSU  using  the  photoassisted  MBE  technique.  An  overview  of  exper¬ 
imental  techniques  and  materials'  properties  will  be  presented. 
However,  for  a  more  detailed  explanation  of  the  many  growth 
experiments  pursued  since  1986,  the  reader  is  advised  to  refer  to 
the  publications  list  in  the  reference  section  of  the  paper,  and 
to  companion  papers  included  in  this  volume.  The  materials 
systems  that  are  focused  on  here  include  undoped  and  doped  CdTe 
and  HgCdTe.  The  dopant  species  which  have  been  employed  are  As  as 
a  p-type  dopant,  and  In  as  an  n-type  dopant.  The  parameters  used 
in  the  various  growth  experiments  are  summarized  in  the  following 
section.  A  description  of  the  structural,  electrical,  and  optical 
properties  of  selected  films  and  multilayer  structures  then 
follows . 
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EXPERIMENTAL  DETAILS 

The  CdTe  and  CdTe:As  doped  films  were  grown  on  high  quality 
chemimechanically  polished  (100)  and  (111)  bulk  CdTe  substrates. 
Prior  to  insertion  in  the  MBE  system,  the  substrates  were 
degreased  and  rinsed  in  deionized  (DI)  water,  briefly  dipped  in  a 
1:1  mixture  of  hydrochloric  acid  and  DI  water,  and  given  a  final 
rinsing  in  DI  water.  (Omission  of  the  HCl  dip  was  investigated 
for  some  samples.)  Preheat  temperatures  of  between  300  °C  and  400 
°C  were  used  to  drive  off  the  native  oxide.  Substrate  temperatures 
(Tg)  employed  ranged  from  75  °C  to  230  °C . 

The  illumination  source  used  during  the  film  growth 
experiments  was  a  Spectra-Physics  model  171  argon  ion  laser  with 
broadband  yellow-green  optics.  The  laser  beam  was  coupled  into  a 
fiber  optic  cable  inside  the  growth  chamber  which  directed  the 
light  onto  the  substrate  surface.  The  photon  energies  associated 
with  the  incident  photon  flux  on  the  growth  surface  lie  in  the 
range  from  ~2.3-2.7  eV.  The  laser  power  density  at  the  substrate 
during  film  growth  was  varied  from  50-150  mW/cm^ .  For  this  range 
in  power  densities,  substrate  heating  effects  are  expected  to  be 
negligible.  The  incident  photon  flux  is  about  10^^  photons/sec- 
cm^ .  For  growth  of  the  undoped  CdTe  epilayers,  two  ovens  con¬ 
taining  high  purity  polycrystalline  CdTe  were  used.  Oven  tempera¬ 
tures  were  adjusted  such  that  typical  MBE  growth  rates  of  0. 5-2.0 
A/sec  were  obtained.  For  growth  of  CdTe : As  layers,  an  additional 
oven  containing  elemental  As  was  employed.  Arsenic  oven  temp¬ 
eratures  from  160  °C  to  200  °C  were  used  to  vary  the  incorporation 
rate  of  the  p-type  dopant . 

Design  details  for  the  Hg-compatible  MBE  systems  at  NCSU  have 
been  reported  earlier  [9].  MBE  source  ovens,  equipped  with 
computer-controlled  shutters  and  filled  with  CdTe,  Te,  and  Hg  were 
used  in  the  film  growth  experiments.  For  modulation  doping,  ovens 
with  elemental  As  or  In  were  employed.  The  Hg-compatible  systems 
were  modified  for  photoassisted  MBE  growth _ experiments  by 
replacing  one  of  the  MBE  ovens  on  the  main  source  flange  with  an 
ultra-high  vacuum  Pyrex  window.  The  broadband  blue-green  output 
from  a  Spectra-Physics  model  2016  argon  ion  laser  was  beam- 
expanded,  collimated,  and  directed  through  the  window  allowing 
uniform  illumination  of  the  substrate  surface.  Power  densities 
employed  ranged  from  40-100  mW/cm^. 

The  HgCdTe  samples  were  grown  on  polished  lattice-matched 
(100)  Cdo .  96Zno ,04Te  substrates.  Immediately  prior  to  film  growth, 
the  substrates  were  preheated  at  300  °C  for  10  minutes  in  the  MBE 
chamber  to  drive  off  residual  impurities  and  to  insure  a 
stoichiometric  growth  surface.  A  substrate  temperature  of  170  °C 
was  used  throughout  the  HgCdTe  film  growth  experiments. 

The  structural  quality  of  the  CdTe  and  HgCdTe  samples  was 
assessed  using  a  Blake  Industries  double-crystal  x-ray  diffract¬ 
ometer  with  a  Phillips  x-ray  generator  (Cu  Ka  x-rays)  ,  This 
instrument  has  a  rocking  curve  resolution  of  1  arc  sec. 

Van  der  Pauw  Hall  effect  measurements  were  performed  on  the 
doped  samples  over  the  temperature  range  20-300  K  to  determine 
carrier  type,  concentration,  and  mobility. 

The  optical  properties  of  the  CdTe  films  were  investigated 
using  photoluminescence  spectroscopy  over  the  temperature  range 
from  1.6  K  to  300  K.  The  samples  were  mounted  in  a  Janis  Research 
Products  SuperVaritemp  optical  cryostat.  The  PL  signal  was 
excited  using  the  chopped  output  from  a  Spectra-Physics  He-Ne 
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laser  focused  onto  the  sample  surface  giving  a  power  density  of  ~2 
W/cm^.  A  SPEX  double  monochromator  with  a  GaAs  photomultiplier 
tube  and  lock-in  amplifier  were  used  to  measure  the  PL  signal. 

Selected  samples  from  the  series  of  modulation  doped  Hg-based 
structures  were  analyzed  using  IR  PL  spectroscopy  at  liquid  helium 
temperatures.  The  PL  signal  was  excited  using  the  chopped  output 
from  a  Nd :  YAG  laser  focused  to  a  spot  on  the  sample  surface  to 
give  a  power  density  of  -200  W/cra^.  A  SuperVaritemp  cryostat  with 
ZnSe  infrared  windows  was  employed  to  cool  the  samples  to  4.2  K. 
The  signal  was  detected  using  a  Nicolet  60SXR  Fourier-Transform- 
Infrared  (FTIR)  spectrometer  and  lock-in  amplifier. 

PL  under  high  power  cw  excitation  was  completed  on  undoped 
Hg-based  multilayers.  The  films  were  chemically  removed  from  the 
substrates  using  a  selective  etching  solution  consisting  of  8 
grams  K2Cr207,  20  ml  of  nitric  acid,  and  40  ml  of  DI .  We  have  used 
this  solution  for  removal  of  both  CdTe  and  Cdo  .  9  g  Z  n  o  .  o  4I’ e 
substrates.  The  multilayered  film  structures  were  cleaved  with  a 
sharp  scalpel  to  form  rectangular  parallelepipeds  and  then  pressed 
into  indium.  The  laser  cavities  were  optically  pumped  using  the 
1.064  lim  Nd:YAG  laser  output  (cw)  .  Power  densities  employed  range 
from  1  to  7  kW/cm2  at  the  sample  surface.  The  PL  emission  was 
collected  and  analyzed  using  the  FTIR  spectrometer. 


RESULTS  AND  DISCUSSION 


Undoped  CdTe  films  grown  under  illumination  are  often  n-type, 
as-grown.  The  conductivity  is,  however,  dependent  on  substrate 
preparation,  and  on  the  incident  illumination  power  density.  The 
electrical  properties  of  undoped  films  grown  under  a  power  density 
of  -90  mW/cm2  were  reported  earlier  (10) .  Room  temperature  carrier 
concentrations  in  the  range  from  2-4  x  10^^  cm"^  and  electron 
mobilities  as  high  as  6600  cm^/V-sec  were  measured  from  films  grown 
at  Tg  =  230  °C  (Fig.  1(a)) .  The  donor  level  responsible  for  the  n- 
type  behavior  is  believed  to  be  Clxer  originating  from  the  HCl  dip 
used  during  the  substrate  preparation.  Indeed,  the  films  grown 
with  the  HCl  dip  omitted  were  high  resistivity,  using  the  same 
illumination  power  density  during  growth. 

A  study  of  the  PL  emission  from  the  n-type  undoped  films 
grown  under  90  mW/cm^  was  performed  over  the  temperature  range  from 
1.6-300  K  [11].  A  typical  low  temperature  spectrum  is  shown  in 
Fig.  1(b).  The  bright  sharp  PL  peaks  attest  to  the  optical 
quality  of  the  films  grown.  The  emission  at  1.5973  eV  is 
attributed  to  free  exciton  (X)  recombination.  The  dominant 
emission  line  occurs  at  1.5935  eV,  and  is  attributed  to 
superpositions  of  (D®(;i,h)  and  (D®,X)  recombinations.  The  X 
emission  could  be  well-resolved  up  to  T  =  140  K.  The  PL  signal  at 
higher  temperatures  was  found  to  originate  from  the  1.5935  eV 
transition  seen  at  liquid  helium  temperatures. 

Growth  experiments  using  illumination  power  densities  of  -150 
mW/cm2  yielded  undoped  n-type  CdTe  films  with  electron 
concentrations  of  over  lO^^  cm"^  (see  Fig  2).  The  PL  spectrum  from 
one  such  film  is  shown  in  Fig.  3.  Note  that  the  PL  spectrum  is 
dramatically  different  from  that  shown  in  Fig.  1(b).  The  dominant 
PL  recombination  peak  occurs  at  1.56  eV  in  the  highly  conducting 
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Fig.  1.  (a)  Carrier  concentration  and  mobility  vs. 

temperature  for  n-type  undoped  CdTe  film  grown  under 
90  mW/cm^  illumination;  (b)  Low  temperature  PL  spectrum 
(5  K)  showing  Clxe  donor-related  transition  at  1.5935  eV. 


n-type  films.  We  do  not  believe  the  n-type  conductivity  is  due  to 
residual  Cl  contamination.  We  have  observed  similar  spectra  from 
bulk  CdTe,  which  was  non-stoichiometric  after  annealing  [12].  We 


Temperature  (K) 


Fig.  2.  Plot  of  carrier  concentration  and  mobility  vs. 
temperature  for  n-type  undoped  CdTe  film  grown  under  150 
mW/cm^  illumination. 
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Fig.  3.  Low  temperature  PL  spectrum  (5  K)  from  undoped 
CdTe  grown  under  150  mW/cm^  illumination  showing  main  peak 
at  1.56  eV,  giving  evidence  of  non-stoichiometry. 


believe  a  native  defect  is  responsible  for  the  conductivity 
observed,  as  explained  below. 

The  effect  of  incident  illumination  on  the  desorption  rate  of 
Te2  from  the  growth  surface  of  CdTe  has  been  studied  using  RHEED 
measurements  [13].  An  increase  in  the  desorption  rate  of  the  Te 
species  was  reported,  suggesting  that  the  film  growth  surface 
would  then  be  non-stoichiometric  (Cd-rich) .  We  suggest,  then, 
that  the  incorporation  of  residual  impurity  atoms  on  Te  sites,  D^e 
(such  as  CItc)  would  then  be  favored.  Under  high  laser  illumin¬ 
ation  intensity,  the  number  density  of  the  Te  vacancies  could 
exceed  the  concentration  of  residual  donor  impurities,  while  the 
film  growth  surface  would  still  be  rich  in  Cd.  Both  Cd  inter¬ 
stitials  and  Te  vacancies  act  as  n-type  dopants,  and  this,  we 
believe,  is  the  reason  for  the  high  excess  electron  concentration 
observed  from  films  grown  under  the  higher  power  densities. 

A  second  RHEED  study  (14)  concludes  that  argon  laser  light 
could  affect  the  desorption  rates  of  both  the  Cd  and  Te  species. 
This  is  consistent  with  PL  studies  performed  on  undoped  CdTe  films 
grown  by  photoassisted  MBE  (15),  in  which  Cd  vacancy-donor  com¬ 
plex  centers  (Cdv-OTe,  and  DTe“Cclv-DTe)  were  observed.  The  altering 
of  the  stoichiometry  of  the  film  growth  surface  is  further 
suppported  by  the  report  that  illumination  of  the  substrate  during 
CdTe  film  growth  is  similar  to  using  an  additional  Cd  flux  [16]  ; 
the  Cd/Te  ratio  is  increased  in  either  case. 

The  photoassisted  MBE  technique  has  allowed  us  to  substan¬ 
tially  lower  the  minimum  substrate  growth  temperature  T3  at  which 
single  crystalline  films  are  obtained.  We  obtain  single-crystal 
films  using  T,  =  100  °C,  which  represents  a  dramatic  reduction  from 
the  value  of  275  °C  normally  employed  for  homoepitaxial  growth  of 
CdTe  by  conventional  MBE  (without  laser  light) . 


232 


CdTe;Aa 

High  quality  p-type  films  have  been  prepared  by  photoassisted 
MBE  by  doping  CdTe  with  As  [17]  .  Hole  concentrations  in  the  10^® 
cm“3  range  have  been  obtained.  A  lowering  of  substrate  temperature 
was  also  investigated  with  the  CdTe : As  films.  X-ray  rocking 
curves  for  films  grown  at  125  and  150  °C  are  shown  in  Fig.  4. 
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Fig.  4.  Double  crystal  x-ray  rocking  curves  for  CdTe: As 
films  grown  at  (a)  150  "^C  (#62),  and  (b)  125  °C  (#63). 
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Figure  5.  Near-edge  PL  spectra 
for  CdTe: As  films  grown  at 
(a)  T3=150  ®C;  <b)  T3=125  ^C; 
and  (c)  Ts=100  ^C . 
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The  films  grown  at  low  Ts  exhibit  sharp  bright 
emission  peaks  at  low  temperature,  as  shown  in  Fig.  5. 
crystal  films  were  grown  at  T3  =  100  ^C,  however, 
properties  were  degraded,  as  seen  in  Fig.  5(c). 
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Photoass  i  sted  MBE  has  been  used  to  grow  a  series  of 
modulation-doped  HgCdTe  samples  containing  doped  Hgo , isCdo .  ssTe 
barrier  layers  [5,181-  Because  these  barrier  layers  are  -50  A 
thick,  and  well  layers  are  on  the  order  of  -1000  A  thick,  these 
structures  are  essentially  6-doped.  Cross-sectional  bright-field 
TEM  images  [19]  of  the  structures  show  that  a  high  degree  of 
regularity  and  structural  quality  was  obtained.  Both  p-type  and 
n-type  structures  have  been  grown,  using  As  and  In  dopants  in  the 
barrier  layers,  respectively.  Double  crystal  x-ray  rocking  curves 
for  representative  samples  are  shown  in  Fig.  6,  showing  the  main 
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Fig.  6.  Double  crystal  x-ray  rocking  curves  showing  several 
orders  of  satellites  for  (a)  p-type  Hgo.isCdo.ssTSiAs- 
Hgo.74Cdo.26Te;  and  (b)  n-type  Hgo  .isCdo .  ssTe  ;  In-Hgo .  eCdo  .2Te 
superlattices . 


SL  diffraction  peak  and  several  orders  of  satellites.  Diffraction 
peak  FWHMs  in  the  range  -20-30  arc  sec  are  measured. 

Van  der  Pauw  Hall  effect  measurements  were  recorded  from  20- 
300  K.  Average  hole  concentrations  ranging  from  p^lO^^-lO^®  cm"^ 
are  obtained  by  varying  the  dopant  even  temperature  during  the 
various  film  growth  experiments.  Electron  concentrations  in  n-type 
samples  range  from  n=10^^-10^®  cra"3.  Fig.  7  shows  the  carrier 
concentration  vs.  temperature  for  p-type  and  n-type  samples.  The 
p-type  sample  has  a  Hgi-xCd^Te  well  layer  for  which  x=0.24.  The 
hole  concentration  (lO*-®  cm”®)  is  a  factor  of  5  larger  than  the 
maximum  solubility  of  Hg  vacancies  in  HgCdTe  for  this  x-value. 
This  provides  evidence  that  the  holes  come  from  the  As  ions  in  the 
barrier  layers  and  are  transferred  to  the  wells.  Hole  freeze-out 
at  low  temperatures  is  not  observed  in  the  modulation-doped 
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structures  since  there  are  no  acceptor  ions  present  in  the  smaller 
band-gap  well  layers.  The  hole  mobilities  are  comparable  to 
mobilities  in  bulk  HgCdTe  due  to  the  large  thickness  of  the  well 
layers  (~1000  A) .  We  also  note  that  the  valence  band  offset  (VBO) 
must  be  large  enough  to  allow  the  charge  transfer  from  the  As  ions 
in  the  barrier  layers.  A  lower  limit  to  the  VBO  for  the  HgTe/CdTe 
interface  was  determined  to  be  95  meV  from  20-300  K  [18]. 
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Fig.  7.  Hall  data  for  modulation  doped  HgCdTe  superlatt ices . 


Hall  data  for  an  n-type  sample  with  well  layer  x-value  of 
0.21  is  shown  in  Fig.  7(b).  Again,  the  average  carrier 
concentration  is  independent  of  temperature.  Since  the  carrier 
densities  shown  in  Fig.  7  are  determined  by  assuming  a  uniform 
sample,  the  data  implies  extremely  high  doping  levels  were 
achieved  In  the  50  A  thick  barrier  layers.  For  our  highest  doping 
levels  obtained  to  date,  we  estimate  that  As  and  In  ion  densities 
>  10^®  cm"3  exist  in  the  barrier  layers.  High  doping  levels  are 
expected  to  produce  extremely  large  band  distortions  in  the 
vicinity  of  the  heterointerfaces,  giving  rise  to  one  or  more 
localized  (two-dimensional)  carrier  states.  A  self-consistent 
approach  to  calculating  localized  hole  and  electron  ground  state 
energies  has  shown  that  carriers  are  tightly  bound  at  these 
states,  thus  reducing  their  mobilities  (18) . 

P-type  modulation  doped  HgCdTe  super lattices  have  also  been 
grown  by  alternately  depositing  Hgo .sCdo  .gTe : As  barrier  layers  with 
undoped  Hgo .  isCdo  .  2216  well  layers.  In  this  way,  super  latt  ices 
consisting  of  200  double  layers  were  prepared.  The  thickness  of 
the  Hgo .  iCdfl .  7Te :  As  doping  layers  was  Lb  ~  50  A  in  each  of  the 
super latt ices ,  with  the  As  dopant  uniformly  distributed  (no 
setback).  For  the  small-band-gap  well  layers,  Hgo.78Cdo.22Te  of 
thickness  L^  =  50-104  A  was  used  in  the  various  superlattice  growth 
experiments.  To  prepare  n-type  modulation-doped  HgCdTe  super¬ 
lattices,  the  wide-band-gap  Hgo.iCdo.gTe  barrier  layers  were  doped 
with  In  rather  than  As.  A  summary  of  measured  sample  properties 
appears  in  companion  papers  in  this  volume. 

Preliminary  growth  experiments  of  n-type  modulation-doped 
heterostructures  of  HgCdTe  which  contain  an  undoped  spacer  layer 
have  also  been  completed.  These  multilayered  structures  consist 


235 


of  a  -200  k  doping  layer  of  Hgo .  3Cdo . 7Te ; In  onto  which  is  deposited 
an  undoped  Hgo.3Cdo.7Te  spacer  layer  followed  by  a  2000  A  layer  of 
H90.78Cdo.22l®-  11'®  spacer  layer  thickness  was  varied  from  50-420  A 
in  the  various  MBE  growth  runs.  Electron  transfer  was  not 
observed  for  the  thick  spacer  layers.  N-type  conduction  was 
observed  for  spacer  layers  <  100  A.  Electron  mobilities  were 
fairly  temperature-independent.  Our  results  suggest  that  spacer 
layers  thicknesses  of  <100  A  must  be  employed,  if  effect  charge 
transfer  is  to  be  realized. 

P-type  and  n-type  modulation-doped  super latt ices  consisting 
of  200  double  layers  of  Hgo .  sCdo  .7Te-HgTe  have  also  been  prepared 
and  studied.  Details  of  that  work  are  also  presented  elsewhere  in 
this  volume. 


HcCdTe  Lasers 

HgCdTe  is  usually  considered  as  the  material  of  choice  for 
photodetection  in  the  infrared.  However,  we  have  observed  bright 
PL  from  samples  grown  by  photoassisted  MBE,  even  at  room  temp¬ 
erature.  To  exploit  the  light-emitting  properties  which  this 
material  exhibits,  we  began  initial  studies  to  investigate  the 
possibility  of  using  HgCdTe  as  an  IR  laser  material  for  the 
wavelength  emission  range  from  2-5  jlra.  (This  wavelength  range 
includes  one  of  the  atmospheric  windows.)  Theoretical  predictions 
for  high-temperature  limits  of  laser  oscillation  show  that  HgCdTe 
is  expected  to  be  comparable  to  InAs-based  laser  structures  (20) 
from  2-5  |lm.  For  lasing  beyond  5  Jim,  HgCdTe  is  not  expected  to 
compete  successfully  with  the  PbSeTe  system.  For  emission  at  A<2 
)im,  InGaAsP  is  often  used  as  a  laser  material,  however,  a  study  of 
Auger  recombination  processes  favors  HgCdTe  over  this  III-v 
semiconductor  even  for  output  at  1.55  )lm  (21). 

Stimulated  emission  under  high  power  cw  optical  excitation 
has  been  observed  from  Hg-based  quantum  well  structures  grown  by 
photoassisted  MBE  (22).  Refer  to  Fig.  8  for  a  schematic  of  the 
laser  structure.  The  active  region  is  a  superlattice  composed  of 
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Fig.  8.  Schematic  of  laser  double-heterostructure  with 
HgCdTe  superlattice  active  region. 
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31  quantum  wells  of  Hgo .  63Cdo ,  37Te  (Lz  ~  166A)  alternating  with  30 
barrier  layers  of  Hgo.15CdQ.85Te  (Ln  ~  6OA) .  The  superlattice  is 
sandwiched  between  two  wide-band-gap  HgCdTe  layers  as  shown,  thus 
forming  a  double-heterostructure.  Cavity  modes  were  observed 
using  cw  laser  power  densities  as  low  as  3.4  kw/cm^.  Under 
increased  optical  pumping,  many  emission  modes  appear  superimposed 
on  the  spontaneous  PL  background.  In  Fig.  9  is  shown  the  below- 
threshold  PL  emission  at  5  K  from  a  65  pm  wide  cavity  centered  at 
about  2.8  pm,  and  a  spectrum  showing  the  many  cavity  modes  which 
result  at  higher  pumping  powers. 
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Fig.  9.  Stimulated  emission 
from  a  65  pm  wide  cavity: 

(a)  PL  emission  at  5  K  below 
threshold;  (b)  Stimulated 
emission  cavity  modes  super¬ 
imposed  on  PL  background  at 
T  >  60  K. 


Considerable  sample  heating  occurred  when  the  laser  cavities 
were  illuminated  with  the  cw  Nd:VAG  output.  We  made  two  estimates 
of  the  sample  temperature  increase  by  considering  the  temperature- 
induced  shift  in  the  bandgap  (22].  Note  in  Fig.  9,  that  the 
observed  shift  in  the  PL  background  emission  peak  energy  from  the 
below-threshold  spectrum  to  the  stimulated  emission  spectrum 
amounts  to  21  meV.  One  estimate  based  on  the  energy  bandgap  shift 
of  a  single  epllayer  subjected  to  identical  pumping  conditions 
gave  an  increase  of  temperature  to  SO  K.  The  other  estimate  used 
the  observed  21  meV  shift  in  the  experimental  data  and  related 
that  to  a  temperature  increase  of  160  K Therefore,  we  have 
conservatively  listed  the  temperature  of  the  stimulated  emission 
spectrum  of  Fig.  9(b)  as  T  >  60  K. 

The  observation  of  stimulated  emission  in  Hg-based  hetero¬ 
structures  of  the  type  described  here  is  espec5ally  important 
since  multilayers  having  this  layered  structure  are  also 
appropriate  for  fabricating  injection  lasers  by  doping  the  two 
HgCdTe  cladding  layers  on  either  side  of  the  active  superlattice 
region  n-type  and  p-type,  respectively.  Both  n-type  and  p-type 
doping  of  HgCdTe  by  photoassisted  MBE  has  been  demonstrated  at 
NCSU .  Thus,  fabrication  of  injection  lasers  may  soon  be  possible. 
And,  if  the  sample  temperature  is  as  high  as  160  K,  then  HgCdTe 
lasers  operating  at  temperatures  at,  or  above,  liquid  nitrogen 
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temperature  are  indeed  possible.  We  should  note  that  in  addition 
to  our  results  obtained  from  samples  grown  with  the  photo-assist, 
optically-pumped  lasing  action  in  HgCdTe  grown  by  conventional  MBE 
has  also  been  observed  !231  . 


CONCLDSIOKS 

We  have  reviewed  here  recent  growth  experiments  using  photo- 
assisted  MBE  to  control  n-type  and  p-type  doping  of  II-VI 
semiconductors.  The  achievements  to  date  include  p-type  doping  of 
CdTe  with  As  yielding  excess  hole  concentrations  in  the  range  of 
10^®  cm"3  at  room  temperature.  Single  crystal  CdTe  and  CdTe: As  can 
be  grown  at  temperatures  as  low  as  100  °C .  This  reduction  in 
substrate  temperature  is  especially  important  when  designing  a 
thin-f ilm-structure  (such  as  a  superlattice)  incorporating  layers 
of  CdTe  and  HgCdTe,  since  interdiffusion  between  layers  can  be 
substantial  at  temperatures  normally  used  to  grow  high  quality 
CdTe.  In  addition,  the  growth  studies  of  the  undoped  CdTe  shed 
some  insight  on  the  mechanisms  involved  in  the  photo-assisted 
growth  process.  The  incident  illumination  is  altering  the  stoich¬ 
iometry  of  the  growth  surface.  N-type  conductivity  in  undoped 
CdTe  films  can  stem  frc.m  residual  donor  impurity  atoms  on  Te- 
sites,  or  from  native  defects  such  as  Cd  interstitials,  or  Te 
vacancies . 

Photoassisted  MBE  has  been  used  to  grow  modulation-doped 
HgCdTe  structures.  The  dopant  species,  either  As  (p-type)  or  In 
(n-type)  reside  in  the  wide  bandgap  barrier  layers.  High  average 
hole  and  electron  concentrations  have  been  obtained  in  structures 
that  incorporate  no  set-bac)c,  yielding  doping  densities  as  high  as 
IQi®  cm"3  in  the  thin  (-50  A)  5-doped  barrier  layers.  Substantial 
distortion  of  bands  near  the  heterointerfaces  are  predicted  to 
occur  causing  formation  of  localized  (two-dimensional)  hole  and 
electron  states  in  the  p-type  and  n-type  structures. 

And,  finally,  initial  HgCdTe  IR  laser  studies  have  begun. 
The  Hg-based  samples  are  bright  emitters  of  PL.  Optically-pumped 
stimulated  emission  cavity  modes  at  ~3  )lm  have  been  observed  from 
a  double  heterostructure  in  which  the  active  region  is  a  super¬ 
lattice.  We  are  optimistic  about  the  viability  and  competitive¬ 
ness  of  HgCdTe  lasers  in  the  emission  range  from  1.55  (im  to  5  Jim. 
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ABSTRACT 

Hg,  _A^Te  materials  where  A=(  Be,  Mg,  Ba,  Sr,  Cal  have  been  synthesized  by  the  vertical  Bridgman 
technique.  Hydrostatic  density  measurements  showing  segregation  are  presented  and  for  HgMgTe 
an  effective  segregation  coefficient  is  obtained.  For  HgMgTe  a  relationship  between  bandgap  E^  and 
composition  x,  is  developed  based  on  FTIR  measurements  of  cut-on  wavelengths.  The  variation  of 
energy  gap  with  composition  is  found  to  be  comparable  to  that  of  HgMnTe  and  twice  as  rapid  as  that 
of  HgCdTe.  Carrier  concentration  and  mobility  data  from  room  temperature  and  77K  Hall 
measurements  are  presented  for  samples  annealed  in  a  saturated  overpressure  of  Mercury. 

INTRODUCTION 

The  bulk  growth  of  HgTe-based  ternaries  (having  the  general  form  Hg,  ,A^Te:  for  example 
Hg|  _Cd^Te)  is  extremely  difficult  when  compared  with  other  semiconducting  materialsl  1  ].  Standard 
and  modified  bulk  growth  techniques  are  often  limited  to  boules  one  to  two  centimeters  in  diameter, 
and  thus  may  never  be  able  to  produce  large  enough  samples  for  some  device  applications.  Still,  the 
equilibrium  bulk  growth  processes,  unlike  much  of  the  growth  based  on  epitaxy,  offers  some  unique 
advantages  for  producing  material  that  may  be  used  to  divine  more  basic  information  about  material 
properties.  Further,  the  equipment  and  associated  techniques  needed  to  produce  novel  HgATe 
materials  do  not  differ  substantially  from  those  needed  to  prcxiuce  more  standard  HgTe-based 
materials. 

Of  the  six  possible  11(A)- VI  HgTe-based  ternaries  we  repon  the  bulk  growth  of  HgBeTe, 
HgMgTe,  HgCaTe,  HgSrTe  and  HgBaTe.  Of  these  growths  HgMgTe  has  been  the  most  extensively 
studied  while  a  growth  of  HgBeTe,  though  completed,  has  remained  completely  unstudied  for  health 
concems[2|.  Lastly  some  comparisons  are  made  between  the  rather  novel  materials  mentioned 
above  and  their  better  known  siblings  HgCdTe  and  HgMnTe. 


Growth  ampoules  were  fabricated  using  standard  quartz  tubing  with  a  wall  thickness  of  two 
millimeters.  The  first-to- freeze  end  was  tapered  gradually  over  approximately  2  cm  to  form  a  tip. 
A  ground  glass  joint  was  affixed  to  the  upper  end  of  the  ampoule  just  above  a  pinched  region  added 
to  facilitate  sealing  the  ampoule  after  it  ischarged  and  evacuated.  An  ampoule  length,  measured  from 
the  tip  to  below  the  pinched  region,  of  nine  to  ten  inches  is  normally  satisfactory  for  a  charge  mass 
of  50-80  grams.  Prior  to  charging  the  ampoules  were  thoroughly  cleaned  and  their  inner  surfaces 
were  deposited  with  a  layer  of  carbon  to  guard  against  adverse,  high-temperature  interactions 
between  the  quartz  and  the  ampoule’s  charge. 

Growth  was  accomplished  in  one  of  two  nominally  identical  Marshall  Furnace  Company, 
Model  1 138  two-zone  furnaces.  Modifications  had  been  made  to  the  transport  mechanism  to  provide 
slower  pull  rates.  The  temperature  controllers  are  of  the  Omega  CN-2010  series  with  two  type  R 
(Pt:Pt  +  1 3%  Rh)  thermocouples  used  to  measure  of  temperature  during  growth. 
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For  these  novel  growths  the  upper  zone  temperature  was  850°  and  the  lower  zone  675°.  Both 
zones  were  ramped  quickly  to  700°  then  raised  to  800°  over  a  period  of  24  hours.  The  growth  was 
allowed  to  synthesize  and  mix  for  another  24  hours.  The  two  zones  then  ramped  to  their  respective 
growth  temperatures  over  the  course  of  several  hours  after  which  the  transport  system  was  engaged. 

Growth  speed  and  segregation  are  closely  relatedI3]  and  there  appears  to  be  a  tradeoff 
between  radial  and  longitudinal  segregation  in  HgCdTe(4],  and  in  HgMnTe[5).  For  reasons  outside 
the  scope  of  this  report  it  was  deemed  important  to  have  maximum  radial  uniformity.  This  was 
accomplished  by  adjusting  the  pull  rate  toone  millimeter  per  hour  during  material  growth.  Data  from 
the  previously  cited  sources  indicates  that  this  growth  rate  will  produce  HgCdTe  and  HgMnTe 
material  with  greater  radial  thar  longitudinal  uniformity.  It  was  hoped  that  this  trend  would  hold  for 
the  more  novel  materials.  Indeed  the  longitudinal  segregation  can  be  advantageous  in  that  it  produces 
samples  of  varying  compositions  within  a  single  growth,  that  can  be  compared  against  each  other. 

DF.NSITY  MEASUREMF.NTS 

Initial  characterization  of  these  materials  consisted  of  hydrostatic  density  measurementslb). 
Since  the  lattice  parameter  of  the  ternary  is  a  function  of  the  composition,  i.e.  a^=a^(x),  it  follows  that 
the  density  is  also  a  function  of  composition.  Knowing  this  functional  relationship  one  can  determine 
the  average  composition  of  each  section  of  the  ingot  on  which  a  density  measurement  was  performed. 
Since  the  binaries  MgTe,  Ca  'e,  SrTe,  and  BaTe  do  not  occur  in  the  zincblende  structure,  Vegard’s 
law[7)  cannot  be  applied  to  generate  a  relationship  between  composition  and  density.  However,  if 
the  concentration  of  the  minority  constituent,  for  example  Mg,  is  kept  low  the  resulting  material  may 
form  in  a  zincblende  phase  up  to  some  critical  concentration[8)  below  this  value  an  empirical 
relationship  bt  ween  density  and  composition  can  be  obtained.  For  HgMgTe  the  relationship  was 
extracted  frotn  published  results[9)  and  found  to  be: 

p{x)  =  8.063  -  4.826X,  (1) 

where  the  units  of  p  are  grams/cm’.  For  the  other  novel  materials  no  thorough  study  has  been  made 
to  determine  p(x). 


Figure  1 :  Average  measured  den.siiy  of  .several  HgTe-based  materials.  The  density  oi  HgTe  Is 
indicated  for  reference. 


Figure  1  shows  a  bar  graph  of  the  average  measured  densities  of  the  novel  HgTe-based 
materials  and  for  HgTe.  The  intention  of  this  chart  is  to  demonstrate  that  the  minority  constituents 
(HgATe:  A=Mn,  Mg,  Ca,  Sr,  Ba).  have  been  incorporated  into  the  growth.  For  Mg  and  Mn  (the  latter 
for  comparison  purposes)  the  density  variation  with  position  along  the  ingot  are  consistent  with  a 
non-unity  segregation  coefficient.  The  materials  containing  Ca,  Sr  and  Ba  all  showed  dramatic 
fluctuations  in  density  along  the  ingot  indicative  of  incomplete  mixing  and/or  multiple  phases  being 
present.  The  values  obtained  for  Figure  1  were  averaged  from  outside  these  regions. 

.SF.GRECiATlON 

For  the  case  of  normal  freezing  Pfann[101  has  described  the  segregation  in  a  growth  by; 

CJC^  =  KO-gf'  (2) 

where  g  is  the  mass-fraction  of  the  melt  which  has  solidified  and  K  is  the  segregation 
coefficient.  C,  and  are,  respectively,  the  concentrations  of  the  solute,  for  example  Mg.  in  the  solid 
and  the  nominal  concentration  of  the  solute  in  the  growth.  A  freezing  rate  which  is  less  than  infinite 
generates  a  non-equilibrium  situation  and  this  equation  is  no  longer  strictly  valid.  In  this  case  the 
effective  segregation  coefficient  is  a  function  of,  at  the  least  composition  and  growth  rate.  For 
HgMgTe  it  proved  possible  to  generate  an  effective  segregation  coefficient  for  the  growth  conditions 
described  above.  An  iterative  technique  described  in  the  literature  was  used!  11). 

From  density  measurements  the  concentration  of  Mg  in  the  solid  was  determined  as  a 
function  of  g  and  a  relationship  was  found  between  log(C/C„)  and  log(l-g).  Equation  (2)  was  then 
cast  in  the  form: 


log(C/C,)  =  log(K^)  +  (K^- 1  ]log(  1  -g).  (3) 

This  relationship  was  then  solved  interatively  for  over  the  range  0^S0.09.  Figure  2 
shows  the  results  of  this  iterative  technique.  Note  that  is  only  slightly  larger  than  unity  for 
compositions  less  than  approximately  0.06.  That  begins  to  deviate  significantly  at  larger 


0.09 


Figure  2:  Effective  segregation  coefficient  as  a  function  of  composition  along  the  length  of  the 
ingot  in  HgMgTe.  Nominal  composition  was  x=0.12,  and  the  pull  rate  was  Imm/hr. 
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compositions  could  be  an  indication  that  the  published  reports  of  critical  magnesium  composition  of 
0.2  could  be  exaggerated,  at  least  for  these  growth  conditions. 

INTRINSIC  BANDGAP 

A  key  concern  about  HgCdTe  and  any  of  its  sibling  materials  is  the  issue  of  intrinsic  bandgap 
variation  as  a  function  of  composition.  This  relation  is  well  documented  for  HgCdTe  and  HgMnTe, 
but  not  well  established  for  HgMgTe.  To  this  end  samples  of  HgMgTe  were  measured  and  their 
composition  determined  using  the  above  mentioned  relationship  p(x).  The  samples  were  then 
annealed  at  a  temperature  of  300°  in  an  overpressure  of  mercury.  This  procedure  is  necessary  to 
eliminate  the  dominant  as-grown  defect,  a  mercury  vacancy  which  results  in  p-lype  maierial[12] 
causing  very  large  intra-band  absorption  and  making  infrared  measurements  difficult.  The  samples 
were  then  thinned  asymmetrically  to  avoid  “p-core”  samples  and  mounted  for  easier  handling. 

A  BioRad  Digilab  FTS-60  fourier  transform  infrared  spectrometer  was  used  to  perform  the 
measurement.  A  glowbar  source  was  used  along  with  an  interferometer  having  a  maximum 
resolution  of  0.2  cm  '.  A  cooled  HgCdTe  detector  was  employed  for  the  measurements  which  were 
all  accomplished  at  room  temperature. 

Figure  3  shows  the  spectra  from  two  samples  of  HgMgTe  and  the  1/e-zero  intercept 
transmission  cut-on  (1/e  Zitco).  This  point  has  been  proposed  as  a  standard  value  for  determining 
acut-on  wavelength(13].  Using  these  data  pointsand  the  known  room-temperature  intrinsic  bandgap 
for  HgTe  (HgMgTe  where  x=0)  a  least  squares  linear  fit  was  obtained.  The  intrinsic,  room 
temperature  bandgap  of  HgMgTe  is  given  approximately  by: 

E,(x)  =  3.823X  -  0.1 15.  (4) 


where  E^(x)  is  in  electron  volts. 


Wavenumber  (cm'* ) 


Figure  3:  Transmission  spectra  of  two  samples  from  a  growth  of  HgMgTe.  The  samples  were 
taken  from  sections  approximately  one  centimeter  apart  in  the  ingot.  Segregation 
results  is  a  non-uniform  concentration  of  magnesium,  hence  the  variation  in  intrinsic 
gap.  The  1/e-Zitco  wavenumbers  are  indicated. 


243 


B  ;;k 

■  iOOK 


Figure  4:  Room  temperature  and  77K  Hall  data  for  several,  novel  HgTe-based  materials. 


HMJ.  DATA 

Another  measure  of  a  material  are  its  Hall  carrier  concentration  and  mobility.  Figure  4  gives 
the  room  temperature  and  77K  carrier  concentration  and  mobility  for  several  samples  of  these  novel 
materials.  Each  of  these  samples  has  undergone  a  post-growth  mercury  anneal  as  described  above. 

The  77K  mobilities  for  the  HgMgTe  samples  are  not  significantly  different  fi,.,m  similar  data 
obtained  from  optimized  growths  of  HgMnTe.  However,  the  corresponding  carrier  concentrations 
are  an  order  of  magnitude  higher,  Thiscould  be  due  to  the  unintentional  doping  by  residual  impurites. 

Since  the  growth  conditions  were  not  optimized  for  any  of  these  novel  materials  more  work 
needs  to  be  done  before  good  comparisons  can  be  made  between  the  materials. 


Of  the  novel  HgTe-based  materials  that  we  have  grown  HgMgTe  was  the  most  extensively 
An  empirical  determination  of  Eg(x)  has  been  made  and  at  room  temperature  the  intrinsic  bandgap 
is  found  to  vary  roughly  twice  as  fast  as  that  of  HgMnTe,  which  in  turn  varies  roughly  twice  as  that 
ofHgCdTe.  Intrinsic  bandgap  measurements  were  attempted  forHgSrTe.HgCaTe,  and  HgBaTe  but 
no  transmission  could  be  measured  even  after  an  extreme  amount  of  thinning.  One  possible 
explanation  is  that  the  small  amount  of  calcium,  strontium  and  barium  incorporated  (as  evidenced 
by  density  measurements  very  close  to  thatof  HgTe)  was  insufficient  to  generate  a  non-negative  gap 
at  room  temperature. 

Using  density  measurements  we  have  computed  an  effective  segregation  coefficient  for 
HgMgTe  as  a  function  of  composition.  This  value  is  slightly  greater  than  unity  for  low  concentrations 
of  magnesium,  but  increases  rapidly  with  magnesium  concentrations  greater  than  approximately 
x=0.06. 
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ABSTRACT 

A  detailed  analysis  of  Hall  data  obtained  at  temperatures 
between  20K  and  300K  has  been  made  for  n-type  HgCdTe  epilayers 
prepared  by  molecular  beam  epitaxy  <MBE) .  Based  on  a  theoretical 
calculation  for  intrinsic  concentrations  that  takes  into  account 
the  non-parabol ici t y  of  the  conduction  band,  the  electron 
concentrations  are  shown  to  follow  nicely  the  model  for 
semiconductors  in  their  intrinsic  and  extrinsic  ranges.  The 
scattering  mechanisms  in  these  materials  are  studied  through  the 
analysis  of  electron  mobility .  Polar  mode  phonon  scattering, 
acoustic  mode  via  deformation-potential  coupling,  acoustic  mode 
via  piezoelectric  coupling,  and  impurity  scattering  are  included 
in  the  mobility  calculation.  The  results  indicate  that  these 
mechanisms  are  insufficient  to  explain  the  measured  mobility. 

INTRODUCTION 

The  compound  semiconductor  Hgi-xCdxTe  has  attracted  a  great 
deal  of  attention  during  the  past  two  decades  because  of  its  many 
applications  in  optoelectronics  (1,2).  It  has  the  desirable 
feature  of  possessing  an  approximately  linear  variation  of  band 
gap  with  composition  across  the  pseudobinary  range  from  CdTe  to 
HgTe,  covering  the  region  from  0.8  to  beyond  20  (im.  The 
investigations  on  this  material  have  been  aimed  at  the  development 
of  infrared  detectors,  especially  in  the  8-12  (im  region.  In 
addition,  HgCdTe  is  emerging  as  a  suitable  material  for 
applications  in  fiber-optic  communication  in  the  3-5  (im  region,  as 
evidenced  by  the  recent  observation  of  laser  action  from  a  HgTe- 
CdTe  superlattice  (3)  . 

The  development  of  a  HgCdTe  technology,  however,  has  been 
hampered  by  several  problems.  Among-  them  is  the  difficulties 
encountered  in  material  preparation.  HgCdTe  is  characterized  by 
its  native  defects  that  result  from  the  deviation  in  stoichiometry 
during  crystal  growth.  These  defects  are  easily  ionized  and 
electrically  active  (4),  presenting  a  serious  problem  to  the 
electrical  properties.  Better  control  of  stoichiometry  can  be 
achieved  by  lowering  the  growth  temperature.  Several  low 
temperature  growth  techniques,  such  as  MBE[5,61  and  metal-organic 
chemical  vapor  deposition  (MOCVD)(7],  have  been  used  to  prepare 
epitaxial  HgCdTe. 

The  present  paper  reports  the  electrical  properties  of  MBE- 
grown  HgCdTe  epilayers  with  x  -  0.2.  Electrical  characterization 
is  highly  sensitive  to  native  defects  and  provides  information 
pertinent  to  the  concentration  of  these  defects.  The  samples  were 
grown  in  an  MBE  system  designed  and  built  at  North  Carolina  State 
University  specifically  for  the  growth  of  Hg-based  materials  and 
multilayers.  The  details  of  the  system  have  been  described  in  an 
earlier  paper  (6).  The  Hall  data  were  measured  using  standard  van 
der  Pauw  Hall  technique  over  the  temperature  range  20-300K  with  a 
magnetic  field  of  3  KG. 
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INTRINSIC  CONCENTRATION 


The  intrinsic  concentration  (ni)  of  HgCdTe  as  a  function  of 
CdTe  mole  fraction  (x)  and  temperature  is  an  important  parameter 
in  Hall  data  analysis  for  narrow  gap  HgCdTe  because  it  dominates 
the  electrical  properties  over  a  wide  temperature  range.  Although 
empirical  expressions  for  ni  as  a  function  of  band  gap  and 
temperature  have  been  published  by  several  authors  (8,9),  it  is 
still  necessary  to  calculate  nj  based  on  the  energy  band  gap  since 
such  a  calculation  also  gives  the  Fermi  level  (Ep)  ,  which  is  needed 
in  the  mobility  analysis. 

When  the  conduction  band  non-parabolicity  and  degeneracy  are 
ta)cen  into  account,  the  electron  concentration  can  be  expressed  as 
(10) 


^(l+y/£)  (H-2y/E) 

l+expCy-'n) 


where  Nc=2  (mc*kBT/ 27c  (h/ 2jt)  ^  1  is  the  density  of  states  of  the 

conduction  band,  e=Eg/kT  is  the  reduced  band  gap,  and  ti=Ef/)cT  is 
the  reduced  Fermi  level.  The  hole  concentration  is  simply  given 
by 


(2) 


where  Nv  is  the  density  of  states  of  the  valence  band.  To 
calculate  the  intrinsic  concentration  ni,  Ep  is  first  calculated  by 
equating  Eqs .  (1)  and  (2)  and  solving  the  resultant  equation 
numerically.  ni  is  then  obtained  by  substituting  Ep  back  into  Eq. 
(1).  The  expression  for  Eg  is  taken  from  Hansen,  Schmit,  and 
Casselman  (11).  The  integral  in  Eq.  (1),  the  generalized  Fermi- 
Dirac  integral,  is  calculated  using  a  16-point  Laguerre  formula 
(12).  The  above  algorithm  is  suitable  for  Hall  data  analysis 
since  it  does  not  involve  extensive  convergence  checking  or 
interpolation.  The  16-point  formula  appears  to  be  sufficient  for 
carrier  concentration  calculation  since  a  20-point  formula  results 
in  a  comparable  accuracy. 

Fig.  1  shows  the  temperature  dependence  of  calculated 
intrinsic  concentration  for  five  different  x  values.  The  results 
agree  well  with  Hansen  and  Schmit 's  data,  which  are  also  shown  as 
the  solid  curves.  The  slight  difference  is  attributed  to  the 
different  algorithm  used  in  calculating  the  generalized  Fermi- 
Dirac  integral. 


CARRIER  CONCENTRATION  ANALYSIS 


Fig.  2  shows  the  experimental  carrier  concentration  for 
MCT82.  The  sample  exhibits  intrinsic  characteristics  as 
temperature  decreases  from  300K  to  -80K.  As  the  temperature 
further  decreases,  the  carrier  concentration  saturates  and  reaches 
a  plateau  at  very  low  temperatures.  The  experimental  data  are 
fitted  by  solving  for  the  electron  concentration  in  the  charge 
neutrality  equation 

no  +  no  (Np  -  n;)  -  n|  =  0  (3) 

where  no  is  the  equilibrium  electron  concentration,  and  (Nd^-Na") 
is  the  ionized  impurity  concentration,  which  is  determined  from 


248 


the  plateau  value  of  the  Hall  data.  In  the  fitting  process,  both 
the  x-value  and  hole  effective  mass  mv*  are  used  as  parameters. 
The  best  fit  is  obtained  using  x=0.17,  (Nd^-Na") =1 . SxlQl^  cm~3^  and 

m„*=0.44.  The  result  is  shown  in  Fig.  2  by  the  solid  curve.  A 
good  agreement  was  obtained  between  calculated  and  measured 
carrier  concentration. 

Fig.  3  shows  the  carrier  concentration  for  an  In-doped  sample 
(MCT20) .  In  this  case,  the  extrinsic  region  extends  towards  high 
temperatures  and  the  carrier  concentration  reaches  a  much  higher 
plateau  value  at  low  temperatures.  A  good  agreement  was  obtained 
with  x=0.18,  (Nd'‘’-Na")  =9 . 5x10^^  cm"^,  and  mv*=0.44. 

Based  on  the  above  analysis,  it  appears  that  Eq .  (3) 

describes  the  behavior  of  carrier  concentration  rather  well.  It 
is  noticed  that,  although  mv*  is  a  fitting  parameter,  the  best  fit 
is  always  obtained  by  using  mv*=0 . 44-0 . 4 5 .  This  is  consistent  with 
the  value  derived  from  magneto-optical  measurements  (131.  We 
believe  that,  in  analyzing  the  carrier  concentration  data,  the 
generalized  Fermi-Dirac  integral  should  not  be  approximated  by  the 
ordinary  Fermi  integral;  otherwise,  a  much  higher  value  for  mv* 
would  be  necessary  (8 1  . 

MOBILITY  ANALYSIS 

To  further  analyze  the  Hall  data  and  to  understand  the 
scattering  mecha.nicms  in  HgCdTe,  we  have  completed  theoretical 
calculations  for  the  e-ccvron  mobility  by  numerically  solving  the 
Boltzmann  equation.  For  the  mobility  calculation  under  low 
electric  fields  it  is  sufficient  to  keep  the  perturbation  of  the 
probability  distribution  function.  The  Boltzmann  equation  thus 
reduces  to  (15] 

So(E)<i)(E)  -  IX  Sqt(E)0(E±(h/2lt)(Dq)  =  —77— T  (4) 

q  -  7  V  b 

where  4>  is  the  perturbation,  is  the  collision  term  of  the  total 
out-scattering,  S^denotes  the  in-scattering  due  to  phonon  emission 
(  +  )  and  absorption  {-)  ,  and  (O^  is  the  characteristic  frequency  of 
the  qth  phonon  mode.  The  drift  mobility  is  given  by 
2e 

Hd  =  — : —  <E(ti>  (5) 

3m  kgT 

where  <£(()>  is  the  Maxwellian  average  weighted  by  E. 

Four  scattering  mechanisms  are  included  in  the  calculation. 
These  consist  of  polar  mode  phonon  scattering,  acoustic  mode  via 
deformation-potential  coupling,  acoustic  mode  via  piezoelectric 
coupling,  and  ionized  impurity  scattering.  In  calculating  the 
collision  terms  for  polar  phonon  scattering,  it  is  important  that 
the  two-phonon-mode  phenomenon  be  taken  into  account  since  both 
HgTe-like  and  CdTe-like  phonons  are  observed  in  HgCdTe  [14].  The 
strength  of  each  phonon  is  taken  to  be  proportional  to  its  mole 
fraction,  and  the  characteristic  frequencies  of  longitudinal 
optical  phonons  for  HgTe  and  CdTe  are  taken  to  be  138  cm“l  and  170 
cm“^,  respectively.  To  solve  Eq.  (4)  for  0(E),  the  energy  axis  is 
divided  into  intervals  of  length  (h/2Jl)0)^  and  0(E)  is  calculated 
using  a  modified  iteration  method  (15,16). 

Fig.  4  shows  two  curves  obtained  using  an  ionized  impiirity 
concentration  of  5x10^^  cm"^  and  9x10^^  cm“3,  respectively,  for 


HgCdTe  with  x=0 , 2 .  The  Hall  mobilities  ot  sample  MCT82  are  also 
shown  for  comparison.  It  is  noticed  that  in  the  high  temperature 
range  the  mobility  is  dominated  by  phonon  scattering  with  little 
contribution  from  impurity  scattering.  As  temperature  decreases, 
impurity  scattering  becomes  dominant  and  the  mobility  reaches  a 
plateau  at  very  low  temperatures.  The  measured  Hall  mobilities 
are  qualitatively  in  agreement  with  theoretical  results  but 
consistently  lower  than  the  calculated  values.  The  results 
indicate  that  the  four  scattering  mechanisms  included  in  this 
study  are  insufficient  to  explain  the  measured  mobilities. 
Scattering  by  impurity-vacancy  complex,  micro-twins,  and  subgrain 
boundaries,  etc.  may  contribute  to  the  observed  reduction  in 
electron  mobility. 

SUMMARY 

Carrier  concentration  and  mobility  calculation  have  been 
performed  to  analyze  the  Hall  data  of  n-type  MBE-HgCdTe  measured 
at  temperatures  between  20K  and  300K.  The  electron  concentrations 
are  shown  to  follow  nicely  the  model  for  semiconductors  in  their 
extrinsic  and  intrinsic  ranges.  Polar  mode  phonon  scattering, 
acoustic  mode  via  deformation-potential  coupling,  acoustic  mode 
via  piezoelectric  coupling,  and  impurity  scattering  are  included 
for  the  calculation  of  electron  mobility.  The  results  indicate 
that  these  scattering  mechanisms  are  not  sufficient  to  explain  the 
measured  mobilities.  This  work  was  supported  by  NRL  contract 
N00014-89- J-2024  and  General  Electric  Aerospace  Group  IRiD  funds. 
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ABSTRACT 

The  effects  of  alloy  fluctuations,  defect  densities,  and  short-range  clustering  on  the 
resonance  behavior  of  first  and  second  order  LO  and  TO  Raman  scattering  are  studied  in 
Hg,.,Cd,Te  (MCT).  X-values  between  0.20  and  0.32  and  photon  energies  from  2.35  to  2.7 
eV  were  used  with  samples  prepared  by  a  wide  range  of  techniques-LPE,  MOCVD,  MBE, 
bulk  growth,  and  pulsed  laser  annealing.  We  examine  the  resonance  behavior  of  the  HgTe- 
like  TO  mode  at  -120  cm'  and  the  mode  at  133  cm’,  which  has  been  identified  as 
originating  from  the  preferential  clustering  of  3  Hg  and  1  Cd  about  the  Te.  We  find  that  the 
intensity  of  this  peak  for  various  bulk  and  epitaxially  grown  samples  is  unusually  large  only 
near  the  E,  resonance.  Pulsed  laser  annealing  with  a  NdtYAG-pumped  dye  laser  strongly 
suppresses  this  mode  in  all  samples  suggesting  that  extremely  rapid  epitaxial  regrowth  may 
inhibit  the  3:1  cluster  formation.  In  addition,  the  resonance-enhanced  LO  overtones  are 
suppressed  by  the  pulsed  laser  anneal. 


INTRODUCTION 

In  Hg,  ,Cd.Te  (MCT),  as  well  as  several  other  common  anion  semiconductor  alloys, 
evidence  has  been  growing  recently  of  the  existence  of  ordered  growth,  under  some 
conditions,  in  which  each  anion  is  surrounded  by  the  same  arrangement  of  cations. 
Evidence  for  such  ordering  is  particularly  strong  for  the  case  of  epitaxially  grown  lll-V 
semiconductors.'  For  tetrahedrally  bond^  semiconductors,  completely  ordered  growth  is 
possible  only  when  the  cation  ratios  are  either  1:3,  2:2,  or  3:1.  For  other  ratios,  there  may 
nevertheless  be  a  preferential  clustering  of  cations  in  these  ratios.'  That  is,  the  number  ot 
anions  with  nearest  neighbors  in  these  ratios  may  be  much  larger  than  that  predicted  by  a 
statistical  distribution.  Recently  evidence  from  Raman’*,  infrared*,  and  nuclear  magnetic 
resonance'  studies  of  mercury  cadmium  telluride  has  indicated  that  clustering  may  be 
occurring. 

In  the  present  work  we  have  studied  the  effects  of  differing  growth  conditions  on 
both  first  and  second  order  resonance-enhanced  Raman  scattering.  Since  phonon 
frequencies  are  sensitive  to  the  interatomic  forces  and  to  the  ion  masses,  phonon  Raman 
scattering  is  an  effective  probe  of  local  structural  order.  In  addition,  the  intensities  of  the 
Raman  lines  are  sensitive  to  the  details  of  the  electronic  band  structure  of  the 
semiconductor,  which  reflects  alloy  composition.  This  intensity  dependence  is  shown  most 
clearly  in  the  resonance  enhancements  of  the  various  Raman  modes  as  different  laser 
photon  energies  are  used  in  the  region  of  allowed  band-to-band  transitions  of  the 
semiconductor.  Thus  the  Raman  effect  is  sensitive  both  to  alloy  composition  and  to  local 
structural  order. 


EXPERIMENTAL 

We  have  used  samples  prepared  by  a  wide  variety  of  techniques  including  one 
grown  from  the  melt  (x  =  0.31),  one  (x  =  0.28)  prepared  by  molecular  beam  epitaxy  (MBE) 
on  CdZnTe,  one  (x  =  0.27)  grown  by  liquid  phase  epitaxy  (LPE)  on  CdZnTe.  and  three 
grown  by  organo-metallic  chemical  vapor  deposition  (MOCVD)  (x=0.22,  0.24  and  0.26). 
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Finally,  to  examine  the  extreme  case  of  very  rapid  crystal  growth,  we  used  nanosecond 
pulsed  laser  annealing  (PLA)  on  most  of  these  samples.*  For  Raman  scattering  the 
photon  energy  weis  varied  from  2.35  to  2.7  eV  across  the  E,  critical  point  in  the  joint  density 
of  electronic  states.  We  present  data  obtained  both  before  and  after  PLA. 

The  laser  annealing  was  performed  with  a  NdiYAG-pumped  dye  laser  operating  at 
728  nm  with  a  pulse  duration  of  ~8  n-^ec  and  an  energy  density  of  -0.05  J/cm^  (melt 
threshold  -0.02  J/cm')  with  the  sample  held  in  a  pressurized  cell  with  -20  atmospheres  of 
argon.*  Raman  scattering  was  performed  at  liquid  nitrogen  temperature  with  the  laser  beam 
focused  to  a  line  image  on  the  sample  to  avoid  laser  heating  and  surface  decomposition. 
Further  details  are  given  in  Ref.  4. 

The  pulsed  laser  annealing  (PLA)  technique  provides  access  to  an  extremely  rapid 
method  of  recrystallizauon  of  the  semiconductor  surface.  Cooling  rates  exceeding  10*  K/sec 
are  readily  achieved.®  This  is  radically  different  from  the  near-equilibrium  growth  conditions 
present  during  bulk  growth  and  LPE.  MBE  and  MOCVD  growth  occur  with  substrate 
temperatures  well  below  the  melt  temperature;  but  in  contrast  with  the  rapid  quench  of  the 
PLA  process,  the  MBE  and  MOCVD  growth  proceeds  slowly  enough  that  significant  surface 
diffusion  can  occur  during  growth,  and  lattice  locations  can  be  ’optimized."  If  the  formation 
of  t .  ;sters  has  a  slight  energetic  advantage,  clustering  may  be  expected  to  occur  in  slow, 
near-equilibrium  growth  but  would  be  suppressed  during  the  rapid  quench  that  occurs  during 
the  pulsed  laser  annealing  process.  We  believe  that  the  changes  in  second  order  spectra 
and  changes  in  the  first  order  resonance  enhancement,  which  are  presented  below,  are 
consistent  with  growth  or  regrowth-induced  changes  in  the  short-range  order  in  the  crystals. 


ELECTRON-PHONON  COUPLING 

From  <11 1>  and  <122>  surfaces  of  MCT,  both  TO  and  LO  modes  are  dipole- 
allowed.  In  general  the  deformation  potential  electron-phonon  interaction  can  activate  both 
TO  and  LO  phonon  modes.  However,  in  polar  semiconductors  the  LO  mode  is  also 
activated  by  electro-optic  contributions  related  to  the  long-range  electric  field  of  the  phonon. 
This  Frohlich  coupling  usually  dominates  the  electron-phonon  coupling  near  electronic 
resonances  and  such  is  the  case  for  MCT.  In  addition,  however,  two  related  mechanisms 
may  activate  LO-phonon  Raman  scattering  in  forbidden  geometries  and  polarizations;  the 
intrabano  i-roniich  interaction,  with  a  wave-vector  dependent  (q-dependent)  matrix  element, 
may  produce  polarized  scattering,  and  an  impurity  or  disorder-induced  Frbhiich  mechanism 
may  also  produce  forbidden  scattering.’ 

Our  studies  of  samples  with  <1Q0>  surfaces  (from  which  only  LO  phonon  scattering 
is  allowed),  of  samples  with  <110>  surfaces  (from  which  only  TO  scattering  is  allowed),  and 
of  samples  with  <111>,  and  <122>  surfaces  indicate  that  this  forbidden,  impurity- induced 
Frohlich  mechanism  accounts  not  only  for  the  LO  signals  in  forbidden  configurations  (such 
as  the  <110>  surface)  but  also  for  the  LO  signals  from  <111>  and  <122>  surfaces.  For 
example  little  difference  is  observed  in  the  LO  intensities  and  the  resonance  behavior  from 
the  various  surfaces. 

Second  order  LO  phonon  Raman  scattering  is  generally  considered  to  be  produced 
by  an  iterated,  allowed  Frohlich  process  and  produces  overtones  of  the  near-Brillouin-zone- 
center  LO  modes.  There  is  no  need  to  invoke  a  higher  order  forbidden  process  to  explain 
the  results. 


RESULTS 

Figure  1  displays  first  and  second  order  Raman  spectra  from  three  as-grown 
samples  for  a  laser  wavelength  (496.5  nm)  very  near  the  peak  of  the  E,  resonance.  Note 
that  the  two  laser  plasma  emission  lines  at  175  cm  '  and  180  cm'  have  been  removed  from 
the  spectra.  Strong  similarities  are  seen  in  the  spectra  even  though  three  different  growth 
processes  were  used -bulk  growth,  LPE,  and  MOCVD.  As  the  x-value  decreases  from  0.31, 
through  0.27  to  0.22  tor  traces  a  to  c,  some  narrowing  of  the  first  and  second  order  peaks 
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is  observed  as  well  as  changes  in  the  relative  peak  heights.  Our  resonance  enhancement 
studies  (see  below)  show  that  the  first-order  peak  heights  change  mainly  as  a  result  of  the 
decrease  in  the  E,  critical  point  energy  with  decreasing  x-value. 


Fig.  1;  First  and  second  order  Raman  spectra 
obtained  from  three  differently  grown  samples; 
a)  bulk  growth  (x  =  0.31,  <iI1>)  b)  LPE 
growth  (x  =  0.27,  <11 1>)  and  c)  MOCVD 
growth  followed  by  interdiffusion  (x  =  0.22, 
<122>)  Raman  excitation  at  496.5  nm. 
Spectrometer  resolution  5  cm  '.  Laser  plasma 
calibration  lines  at  176  cm  ’  and  209  cm  ’  have 
been  removed  from  the  traces. 


Fig.  2:  Raman  spectra  before  (solid  line)  and 
after  (dotted  line)  PLA  (X  =  728  nm,  0.05 
J/cm“):  a)  MOCVD-grown,  x  =  0.26,  b) 

MBE-grown,  x  =  0.28.  Raman  excitation  at 
496.5  nm.  Spectrometer  resolution  7  cm  ’. 


The  second-order  spectra  in  Fig.  1  show  three  clearly-defined  peaks  at 
approximately  280,  296,  and  312  cm'  with  small  shifts  due  to  the  x-value  differences. 

These  peaks  are  clearly  related  to  the  first-order  LO  modes  at  -140  and  ~156  cm’  as 
overtones  (280  and  312  cm  ')  and  as  an  intercombination  (296  cm  ’).  Note  that  the  second 
order  peaks  all  involve  zone-center  mode  frequencies.  This  is  a  consequence  of  the 
iterated,  allowed  Frdhiich  process  which  involves  near  q=0  wavevectors.  These  second- 
order  peaks  confirm  the  previous  identification^*"  of  the  peaks  near  140  and  156  cm’  as 
the  HgTe-like  LO  and  CdTe-like  LO  modes  respectively.  Note  that  the  133  cm  '  mode, 
identified  as  a  clustering-related  peak,”*’'  does  not  show  up  in  the  second  order  spectra 
even  though  it  sometimes  is  the  dominant  peak  in  the  first-order  spectra.  Furthermore,  the 
TO  peak  at  '120  cm  '  also  does  not  appear  clearly  in  the  second  order  spectra  prooably 
because  the  second  order  LO  modes  are  more  strongly  enhanced  near  resonance. 

Figure  2  shows  the  first  and  second  order  spectra  of  two  samples  before  and  after 
pulsed  laser  annealing  at  0.05  J/cm'.  These  two  samples  are  different  from  aiiy  of  the 
three  shown  in  Fig.  1  but  the  spectra  from  the  as-grown  surfaces  are  quite  similar.  These 
spectra  were  obtained  with  slightly  poorer  instrumental  resolution  (wider  slits)  in  order  to 
facilitaie  more  reliable  intensity  measurements  of  the  Raman  peaks.  The  spectra  obtained 
after  laser  annealing  show  little  change  in  the  first-order  LO  peak  heights  but  a  considerable 
decrease  in  the  peak  height  of  the  cluster- related  mode  at  -133  cm  ’  (more  clearly  evident 
after  deconvolution)*'*  and  also  for  the  TO  peak  at  -120  cm'.  The  most  dramatic  change 
after  annealing  is  the  strong  decrease  in  intensity  of  all  three  second  order  LO  peaks. 

The  resonance  enhancements  of  scattering  intensities  for  the  four  first-order  modes 
were  obtained  by  normalizing  each  spectrum  to  the  incident  laser  power  and  correcting  lor 
detection  efficiency.  To  extract  individual  peak  heights  in  the  presence  of  significant  peak 
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overlap,  the  spectra  were  fit  by  a  sum  of  four  equal-width  Lorentzian  peaks.  The  best-fit 
peak  amplitudes  of  the  TO  mode  at  -120  cm  '  and  the  cluster  mode  at  ~133  cm  ’  are 
shown  In  Figure  3  as  a  function  of  the  laser  photon  energy.  These  two  modes  were 
chosen  for  display  because  they  are  strongly  affected  by  the  laser  anneal  whereas  the  two 
LO  modes  are  only  slightly  changed.  The  results  from  four  samples  are  shown,  all  with  x- 
values  near  0.25.  These  include  one  sample  each  grown  by  LPE  and  MBE,  and  two 
samples  grown  by  MOCVD-one  grown  as  separate  layers  of  CdTe  and  HgTe  and  then 
interdiffused  and  one  grown  as  the  alloy  directly. 

The  resonance  enhanced  intensity  of  the  cluster  mode  is  strongly  reduced  by  the 
pulsed  laser  anneal  although  clear  evidence  remains  of  the  resonance  near  the  E,  edge. 
The  TO  mode,  unlike  the  cluster  mode  (or  the  LO  modes),  exhibits  a  gradual  rise  in 
intensity  through  the  shortest  wavelength  used  in  this  study  (457.9  nm).  The  resonance 
peak  near  the  E,  edge  is  strongly  suppressed  after  the  laser  anneal  and  nearly  disappears. 


Fig.  3;  Intensities  ol 
two  first-order  Raman 
lines  (TO  and  cluster 
mode)  plotted  as  a 
function  of  the  exciting 
laser  photon  energy  lor 
four  different  samples: 

a)  LPE-grown  x  =  0  27, 

b)  alloy-grown 

MOCVD,  X  »  0.26,  c) 
MBE-grown,  x  =  0.28, 
and  d)  layer-grown 
MOCVD  and  inter- 
diffused,  X  =  0.24. 

Dots  and  crosses  are 
from  the  as-grown  and 
laser-annealed 
surfaces  respectively. 
Curves  are  guides  to 
the  eye  Arrows 
indicate  estimated  E, 
position. 


Arrows  in  Fig.  3  indicate  the  position  of  the  E,  edge  obtained  from  published  optical 
measurements."*”  We  estimate  this  position  to  be  uncertain  by  ±0.03  eV  due  to 
temperature  shift  extrapolations  and  to  possible  errors  in  x-values  in  our  samples.  However, 
it  is  clear  that  the  positions  of  the  resonances  are  unchanged  after  the  pulsed  laser  anneal. 
This  indicates  that  any  possible  macroscopic  compositional  change  in  the  annealed  layer  is 
less  than  -2%. 


DISCUSSION 


The  suppression  ot  the  cluster  mode  intensity  could  be  a  consequence  of  changes  in 
local  structural  order  induced  by  the  rapid  quench  of  the  pulsed  laser  anneal.  Amirtharaj,  et 
have  suggested  that  this  mode  may  be  due  to  clusters  in  which  the  Te  is  surrounded  by 
3  Hg  and  1  Cd.  We  believe  that  the  resonance  intensity  behavior  shown  here,  together 
with  the  Raman  frequencies,  are  consistent  with  the  interpretation  ot  this  mode  as  arising 
from  the  3:1  clusters.  If  so,  this  particular  bonding  arrangement  is  apparently  energetically 
preferred  and  may  dominate  for  x-values  near  0.25  and  under  conditions  of  near-equilibrium 
bulk  or  LPE  growth.  In  addition  the  lower  temperature,  but  slow,  epitaxial  growth  of  the 
MBE  and  MOCVD  processes  appears  to  facilitate  this  clustering  much  like  the  ordered 
growth  observed  in  some  epitaxially-grown  lll-V  semiconductors.' 

The  pulsed  laser  anneal,  however,  generates  a  very  rapid  thermal  quench  which  can 
freeze  in  the  statistical  arrangements  of  the  high  temperature  ph  se.  Slight  energetic 
preferences  would  likely  be  lost  under  a  rapid  quench,  and  the  3:1  clusters  would  then 
appear  with  the  usual  statistical  probabilities.  This  would  naturally  suppress  the  'cluster' 
mode  intensity  in  the  Raman  spectrum.  But  in  addition,  this  would  increase  the  alloy 
disorder  that  might  be  expected  to  broaden  the  critical  point  energies  such  as  the  E,  edge. 
Both  effects  would  result  in  any  strongly  resoneint  mode  being  suppressed  more  than  the 
less  resonant  modes. 

Very  recently  Lusson,  et  al.”,  have  studied  the  behavior  of  first  and  second  order 
Raman  scattering  in  HgCdTe  (x  =  0.2)  which  was  implanted  with  In  ions  to  create  damage. 
Their  results  show  clearly  that  the  second-order  peaks  are  very  sensitive  to  ion-implantation- 
induced  damage.  However,  they  found  that  the  first-order  LO  peaks  did  not  fall  in  intensity 
until  much  greater  levels  of  implantation-induced  damage  occurred.  These  results  suggest 
the  important  role  of  the  defect-induced  Frohlich  mechanism  as  the  dominant  process 
responsible  for  first-order  LO  phonon  Raman  scattering  in  MCT. 

The  results  presented  in  this  paper,  yjz.,  the  strong  sensitivity  to  laser  annealing  of  the 
second-order  peaks,  the  cluster  mode,  and  the  TO  mode,  and  the  insensitivity  ot  the  first- 
order  LO  modes  to  laser  anneal,  are  quite  consistent  with  the  implantation-induced  damage 
results  of  ref.  13.  Thus,  if  the  laser  anneal  inaeases  alloy  disorder  or  point  defect 
densities,  the  defect-activated  forbidden  FrShlich  process  driving  the  first-order  LO  modes  is 
further  enhanced  and  Raman  intensities  are  increased.  However,  increased  disorder  or 
defect  densities  will  also  broaden  the  E,  edge  and  thus  reduce  the  resonance  enhancement 
of  the  phonon  lines.  These  two  competing  effects  explain  the  absence  of  substantial 
intensity  changes  in  the  first-order  LO  modes,  whose  amplitude  arises  from  a  defect- 
activated  Frohlich  process.  On  the  other  hand,  the  second  order  LO  modes  are  doubly 
resonant  and  the  cluster-related  mode  is  the  most  strongly  resonant  of  the  first-order  modes 
and  thus  these  modes  show  a  net  suppression  by  disorder  broadening  of  the  E,  electronic 
states. 

Thus  the  general  trends  appear  to  confirm  a  defect-activated  Frohlich  mechanism  for 
the  first-order  LO  phonon  modes  in  MCT.  The  behavior  after  the  pulsed  laser  anneal 
suggests  an  increase  in  alloy  disorder  and  a  reduction  in  the  amount  of  clustering  of  cation 
ratios  around  3:1  although  a  firm  estimate  of  the  amount  of  clustering  is  not  possible  from 
these  Raman  data. 
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ABSTRACT 

The  optical  absorption  of  a  series  of  HgTe/Cdo .  ssHgo .  isTe 
superlattices  (SLs)  have  been  measured  in  the  spectral  region  from 
2  to  12  |lm  at  temperatures  from  300  K  down  to  4.2  K.  Several 
subband  transitions  were  identified  and  their  transition  energies 
were  compared  with  theoretical  calculations,  with  the  valence  band 
offset  AEv  between  HgTe  and  CdTe  as  a  fitting  parameter.  It  is 
found  that  at  a  given  temperature,  a  value  of  Ae^  =  420  ±  100  meV 
fits  the  results  of  all  the  SLs,  and  AEv  does  not  depend  on 
temperature  to  within  ±100  meV. 


INTRODUCTION 

Optical  absorption  is  a  strong  tool  to  study  the  electronic 
band  structure  in  Hg-based  semiconductor  superlattices  (SLs) . 
Earlier  infrared  transmission  measurements  on  HgTe/CdTe  SLs  showed 
a  temperature  dependence  of  the  band  gap  of  the  SLs,  and 
reasonably  good  agreement  was  found  between  experimental  results 
and  theory  [1 1  . 

We  have  completed  a  careful  study  of  the  optical  absorption  of 
a  series  of  HgTe/Cdo. asHgo. isTe  SLs  in  the  spectral  region  from  2  to 
12  Urn  and  in  the  temperature  region  from  4.2  to  300  K.  Several 
inter-subband  transitions,  namely  the  first  heavy  hole  subband  HI 
to  the  first  conduction  subband  El  (transition  HlEl),  the  first 
light  hole  subband  LI  to  El  (transition  LlEl),  and  the  second 
heavy  hole  subband  H2  to  the  second  conduction  subband  E2 
(transition  h2E2),  have  been  identified.  Theoretical  calculations 
of  the  subband  transition  energies  and  the  selection  rules  were 
compared  with  the  experimental  results,  using  the  valence  band 
offset  AEv  between  HgTe  and  CdTe  as  an  adjustable  parameter. 


EXPERIMENTAL  DETAILS 

Six  SLs  were  grown  on  (100)  CdZnTe  substrates.  Prior  to  film 
growth,  the  transmi.s.sion  and  reflection  spectra  of  the  substrates 
at  300  K  were  measured.  Transmission  spectrum  of  a  substrate  test 
piece  at  various  temperatures  was  also  measured.  The  substrates 
were  found  to  be  transparent  in  the  entire  spectral  region  of 
interest,  with  a  refraction  index  of  2.75.  Satellite  peaks  were 
observed  in  double-crystal  diffraction  rocking  curves  of  the  SLs, 
and  the  periods  of  the  SLs  were  then  determined.  The  nominal 
thicknesses  of  the  HgTe  and  the  Cdo ,  ssHgo .  isTe  layers  within  each 
period  were  then  estimated  from  the  growth  rates.  As  will  be  seen 
later,  the  estimates  of  the  thickness  are  good  to  within  one 
monolayer . 

The  transmission  spectra  of  the  SLs  were  measured  at 
temperatures  from  4.2  to  300  K.  The  reflection  spectra  at  300  K 
were  also  measured.  The  exact  form  of  the  formulas  for  the 
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transmission  and  reflection  of  a  two-layer  system  was  used  to 
obtain  the  absorption  coefficient  and  the  refraction  index  from 
the  experimental  data.  The  room  temperature  refraction  index  was 
then  used  to  obtain  the  low  temperature  absorption  curve  from  the 
transmission  spectra. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  an  absorption  spectrum  typical  of  the  SLs 
studied.  The  spectrum  shows  step-like  features  which  exist  only  in 
superlattice  structures.  The  arrows  indicate  the  predicted 
energies  of  particular  transitions  which  are  responsible  for  the 
sudden  rise  of  the  absorption.  The  HlEl,  LlEl  and  H2E2  transitions 
are  clearly  seen.  The  identification  of  these  transitions  by 
theory  will  be  discussed  later  in  this  paper.  Figure  2  shows  the 
absorption  and  the  photoluminescence  (PL)  of  SL  A74.  It  is  seen 
that  the  PL  peak  is  at  the  onset  of  the  absorption  rise.  Figure  3 
shows  the  absorption  spectra  of  SL  A20S  at  several  different 
temperatures.  It  is  seen  that  when  the  temperature  is  increased 
from  4.2  to  300  K,  both  the  HlEl  and  LlEl  transition  energies 
shift  to  higher  energy.  The  arrows  are  the  transition  energies 
predicted  by  theory. 

The  theoretical  model  used  in  the  analysis  has  been  described 
in  our  earlier  work  (2).  The  valence  subbands  of  a 
HgTe/Cdo , asHgo .  IsTe  SL  are,  in  the  order  of  decreasing  energy,  HI, 
LI,  H2 . . . .  The  conduction  subbands  are,  in  the  order  of  increasing 
energy,  El,  E2 . .  .  .  The  selection  rules  are  such  that  transitions 
HlEl,  LlEl  and  H2E2  are  allowed,  while  the  remainder  of  the 
transitions  from  the  valence  subbands  to  the  conduction  subabnds 
are  forbidden,  due  to  the  parities  of  the  envelope  functions  of 
the  involved  subbands. 

The  PL  peak  observed  is  due  to  band-to-band  recombination  in 
the  SL,  since  in  small  gap  semiconductors  this  is  the  dominant 
recombination  process  [3] .  The  position  of  the  peak  coincides  with 
the  energy  where  the  absorption  just  starts  to  rise.  Such  a 
coincidence  has  also  been  seen  in  other  SLs.  It  is  then  clear  that 
the  energies  of  the  transitions  responsible  for  the  steps  of  the 
absorption  spectra  should  be  at  the  onset  of  the  absorption  steps. 

Once  the  experimental  transition  energies  are  determined,  they 
can  be  compared  with  theoretical  calculations.  Besides  the  valence 
band  offset  AEv,  the  thicknesses  of  the  HgTe  and  Cdo.85Hgo.15Te 
layers  in  each  period  are  also  treated  as  variables,  up  to  one 
monolayer.  It  is  then  found  that  a  single  value  of  AEv  at  each 
temperature  fits  well  the  transition  energies  of  all  the  SLs. 
Table  1  gives  a  complete  summary  of  results  for  the  six  SLs.  It  is 
seen  that  all  of  the  transition  energies  shift  to  higher  energy  as 
the  temperature  is  increased.  The  layer  thicknesses  listed  are  the 
nominal  estimates.  The  thicknesses  used  in  the  calculations  were 
the  nominal  ones  corrected  by  the  number  of  monolayers  AL  listed 
in  the  table.  One  monolayer  correction  means  that  the  layer 
thickness  of  HgTe  used  in  the  calculations  is  one  monolayer,  or 
3.24  A,  thinner  while  that  of  Cdo  .esHgo.  IsTe  is  3.24  A  thicker  than 
the  nominal  values.  Among  the  bulk  band  parameters  used,  oniy  the 
band  gaps  of  HgTe  and  Cdo , esHgo.lsTe  change  with  the  temperature.  A 
value  of  AEv  =  420  raeV  was  found  to  best  fit  the  experimental 
results.  It  is  seen  from  the  table  that  the  theoretical 
calculations  are  in  good  agreement  with  the  experimental  results, 
except  for  the  H2E2  transitions.  This  is  because  the  )c-P  model  is 
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Figure  1.  The  absorption  spectrum  of  SL  A18S  at  205  K.  The  arrows 
indicate  the  transition  energies  predicted  by  theory. 
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Figure  2.  The  absorption  and  photoluminescence  (PL)  of  SL  A74  at 
4.2  K.  The  PL  peak  coincides  with  the  energy  where  the  absorption 
starts  to  rise. 
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Figure  3.  The  absorption  spectra  of  SL  A20S  at  severs 
temperatures . 
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Table  1.  The  list  of  nominal  layer  thicknesses,  energies  of  the  observed 
transitions  for  the  six  superlattices .  The  predicted  transition  energies 
and  the  thickness  correction  for  each  superlattice  are  also  listed. 


SAMPLE 
Lz  (HgTe) 

L  b  (CdTe) 
AL 


H1E1 

(meV) 

Exp. 

1 

Theo. 

<  80 

35.3 

<  80 

48.3 

90±10 

ED 

105±10 

87.1 

<  80 

35.3 

<  80 

48.3 

<  80 

58.7 

83±10 

87.1 

162±20 

DBI 

170±30 

190.2 

250±20 

247.4 

iao±io 

106.4 

1 19±10 

124.9 

119±20 

140.0 

190±20 

185.5 

<  80 

60.9 

<  80 

79.1 

83±10 

95.2 

91  +  15 

1 16.5 

160±20 

158.8 

170±30 

180.0 
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not  accurate  when  the  energy  level  is  too  far  away  from  the  bulk 
band  edge,  as  is  the  case  for  the  E2  subband.  The  value  of  AEv  is 
for  the  binary  HgTe/CdTe  hetero junctions .  A  positive  value  of  AEv 
means  that  the  valence  band  of  HgTe  is  above  that  of  CdTe .  The 
value  of  AEv  is  assumed  to  be  linearly  dependent  on  the 
composition  of  Cd^Hgi-xTe.  The  energies  the  LlEl  transitions  are 
insensitive  to  the  value  of  AEv  A  cnange  of  100  meV  in  AEv 
changes  the  LlEl  transition  energy  only  b'.  5  meV.  The  energies  of 
the  HlEl  transitions  are  much  more  ser titive  to  AEv,  with  a  change 
of  5  meV  in  AEv  corresponding  to  1  meV  change  in  HlEl  transition 
energy  for  a  typical  SL.  Taking  into  account  the  errors  of  the 
experimental  transition  energies,  we  estimate  that  the  uncertainty 
of  AEv  determined  from  the  fitting  is  ±100  meV.  The  nominal 
thicknesses  of  SLs  AITS,  A18S  and  A21S  ate  very  close  to  one 
another.  Their  absorption  spectra  turned  out  to  be  also  almost 
identical,  although  they  were  grown  at  different  times. 

The  value  of  AEv  “  420  ±  100  meV  obtained  from  the  fitting 
exhibits  little  temperature  dependence  from  4.2  to  300  K.  This  is 
consistent  with  x-ray  photoemission  results  [4,51  and  the  recent 
optical  results  [6],  but  is  in  contradiction  with  earlier  optical 
results  [1,2]  and  the  recent  theoretical  prediction  of  its 
temperature  dependence  [7) . 

In  summary,  we  have,  for  the  first  time,  studied  experimentally 
the  optical  absorption  of  HgTe/Cdo.gsHgo. isTe  SLs  involving  several 
inter-subband  transitions  in  the  temperature  range  from  4.2  and 
300  K.  The  energies  of  the  observed  transitions  have  been  found  to 
shift  to  higher  energy  when  the  temperature  is  raised.  The 
theoretical  results  agree  very  well  with  the  experimental 
results,  if  the  valence  band  offset  between  HgTe  and  CdTe  is  420 
meV . 
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ABSTRACT 

Photoassisted  molecular  beam  epitaxy  has  been  employed  to 
successfully  prepare  p-type  and  n-type  modulation-doped  HgCdTe 
superlattices .  The  samples  were  grown  at  170°C.  In  this  paper, 
we  report  details  of  the  MBE  growth  experiments  and  describe  the 
optical  and  electrical  properties  that  these  new  multilayered 
quantum  well  structures  of  HgCdTe  possess. 


INTRODUCTION 

Modulation  doping  involves  the  transfer  of  carriers  (holes  or 
electrons)  from  a  substitutionally  doped  layer  (modifier  layer)  to 
an  adjacent  matrix  material  having  a  smaller  band  gap.  In  1969, 
Esa)<i  and  Tsu  [1]  proposed  a  selectively-doped  hetero junct ion 
structure  for  enhanced  carrier  transport  parallel  to  the  hetero¬ 
interface.  Independently  in  1978,  Dingle  et  aJ .  [2],  using  n-type 
AlGaAs-GaAs  heterostructures,  first  demonstrated  that  enhanced 
carrier  transport  can,  indeed,  occur  and  first  evo)<ed  the  name 
"modulation  doping".  Since  then,  modulation-doped  structures 
composed  of  III-V  semiconductor  layers  such  as  GaAs,  AlGaAs,  and 
GalnAs  have  been  studied  in  detail,  and  the  properties  that  these 
novel  structures  possess  have  subsequently  been  incorporated  into 
many  planar  devices  (3)  . 

Precise  control  of  the  electrical  properties  of  HgCdTe 
through  the  addition  of  substitutional  impurities  is  a  fundamental 
requirement  for  the  fabrication  of  infrared  (IR)  detectors  based 
on  p-n  junctions  or  p-on-n  hetero junctions .  The  detection  of  IR 
radiation  is  the  most  important  area  of  application  for  HgCdTe  at 
present.  Bou)serche  et  al.  [4]  have  recently  reviewed  the  problems 
associated  with  the  use  of  both  Group  I  elements  (Li,  Ag,  Na)  and 
Group  V  elements  (Sb,  As)  as  potential  p-type  dopants  in  HgCdTe. 
It  appears  that  none  of  these  elements  are  suitable  for  use  as  p- 
type  dopants  in  MBE-grown  HgCdTe. 

In  an  attempt  to  address  this  fundamental  doping  problem  we 
have  employed  modulation  doping  techniques  coupled  with  photo- 
assisted  molecular  beam  epitaxy  (MBE)  to  produce  stable  p-type 
alloys  of  Hg,_„Cd,Te  (x  =  0.18-0.26)  (Sj.  N-type  modu lat ion-doped 
samples  of  Hgj_,jCd„Te  (x  =  0.18-0.26)  have  also  been  prepared  [6]. 
In  these  initial  studies,  5-doped  Hgo.isCdo.esle  barrier  layers  of 
thic)cness  Lp  ~  50  A  were  alternated  with  Hgj_^Cd„Te  (x  =  0.18-0.26) 
well  layers  of  thic)cness  L^  -  1000  A.  This  produced  a  quantum 
a  1  1  o Y  of  HgCdTe,  the  properties  of  which  are  described  in  [7]  . 
Large  doping  levels  in  5-doped  structures  are  accompanied  by  a 
substantial  distortion  of  the  band  structure  in  the  vicinity  of 
the  heterointerfaces  which  gives  rise  to  one  or  more  localized 
(2D)  carrier  states  Ebe  or  Ebhh  I'?).  The  degree  of  localization 
increases  with  doping  density.  One  way  to  minimize  this  type  of 
carrier  localization  is  to  employ  matrix  layer  thicknesses  that 
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are  small  and  comparable  to  the  barrier  layer  thicknesses;  Lb  =  Lt, 
~  30  -  100  A.  For  layer  thicknesses  of  this  magnitude,  our  calcu¬ 
lations  indicate  that  there  will  be  little  distortion  of  the 
inherent  superlattice  band  structure  due  to  the  charge  transfer 
process  associated  with  modulation  doping.  Thus,  the  carriers 
introduced  by  modulation  doping  will  more  nearly  reflect  the  pro¬ 
perties  of  the  unperturbed  super latt ice ,  and  transport  perpendi¬ 
cular  to  the  layers  may  be  enhanced. 

In  this  paper,  we  report  the  growth  of  these  new  modulation- 
doped  superlattices  of  HgCdTe .  The  structures  were  prepared  by 
means  of  photoassisted  MBE .  Details  of  the  MBE  growth  experiments 
are  given  along  with  a  discussion  of  the  electrical  and  optical 
properties  that  these  interesting  new  HgCdTe  quantum  structures 
exhibit . 


EXPERIMENTAL  DETAILS 

Modulation-doped  HgCdTe  superlatt ices  were  grown  in  a  Hg - 
compatible  MBE  system  designed  and  built  at  NCSU .  A  description 
of  this  MBE  system  together  with  the  techniques  that  have  been 
developed  to  grow  HgCdTe  by  both  conventional  and  photoassisted 
MBE  are  given  in  earlier  publications  [7,8].  In  the  present  work, 
p-type  modulation-doped  HgCdTe  superlattices  were  grown  by  alter¬ 
nately  depositing  Hgo  jCdQ  7Te  barrier  layers  that  were  heavily 
doped  with  arsenic  with  undoped  Hg^  inCd^  ^jTe  layers.  In  this  way, 
superlattices  consisting  of  200  double  layers  were  prepared.  The 
thickness  of  the  Hgo  jCdo  7Te:As  doping  layers  was  Lt,  -  50  A  in  each 
of  the  superlatt ices,  with  the  As  dopant  uniformly  distributed  {no 
setback).  For  the  small-band-gap  well  layers,  Hgo.  isCdo  .jjTe  of 
thickness  =  50-104  A  was  used  in  the  various  superlattice  growth 
experiments.  To  prepare  n-type  modulation-doped  HgCdTe  super¬ 
lattices,  the  wide-band-gap  Hg^  3Cdc.7Te  barrier  layers  were  doped 
with  indium  rather  than  arsenic. 

All  of  the  modulation-doped  HgCdTe  superlattice  samples  were 
grown  using  lattice-matched  (100)  Cdo.s^Zng  Q,Te  substrates.  The 
substrates  were  polished  and  etched  using  standard  techniques 
[11]  .  Immediately  prior  to  film  growth,  the  substrates  were 
preheated  at  300  'C  for  10  minutes  in  the  MBE  chamber  to  drive  off 
residual  impurities  and  to  insure  a  stoichiometric  growth  surface. 
A  substrate  temperature  of  170  'C  was  used  throughout  the  film 
growth  experiments. 

Electrical  characterization  experiments  consisted  of  van  der 
Pauw  Hall  effect  measurements  performed  on  each  modulation-doped 
sample  over  the  temperature  range  20  -  300  K.  Infrared 
photoluminescence  (PL)  measurements  at  4.2  K  were  completed  for 
each  of  the  modulation-doped  HgCdTe  superlatt ices  using  a  Nicolet 
60  SXR  Fourier-transforra  infrared  spectrometer  (FTIR) .  In  these 
experiments,  the  PL  signal  was  excited  using  the  1.06  [im  emission 
from  a  Nd:YAG  laser  focussed  to  a  spot  on  the  sample  surface  to 
give  a  power  density  of  approximately  200  W.'cmZ. 


MODULATION-DOPED  HgCdTe  SUPERLATTICES 

Figure  1(a)  shows  plots  of  Hall  mobility  and  carrier 
concentration  versus  temperature  for  a  representative  n-type 
modulation-doped  HgCdTe  superlattice  (B77A)  consisting  of  200 
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double  layers  in  which  the  barrier  layer  thickness  is  Lb  =  51.8  A 
and  the  well  layer  thickness  is  =  103.7  A.  These  thicknesses 
are  estimates,  rou.nded  to  the  nearest  monolayer,  that  were 
obtained  from  the  total  thickness  of  the  superlattice  as  measured 
with  a  Dektak  surface  prof ilometer,  the  measured  x-ray  diffraction 
satellite  spacing  of  the  superlattice,  and  from  an  analysis  of  its 
optical  absorption  and  photoluminescence  spectra.  Note  from  the 
figure  that  B77A  is  n-type  and  exhibits  an  essentially  flat 
carrier  concentration  of  3.5  x  10**'  cm"^  at  temperatures  below  200 
K.  The  electron  mobility  is  7  x  10^  cm^/V  s  at  300  K  and 
increases  monotonically  to  3  x  10^  cm^/V  s  at  30  K.  The 
photoluminescence  spectrum  obtained  for  B77A  is  shown  in  Figure 
1(b)  .  It  consists  of  a  main  PL  peak  centered  at  118  meV  (10.5  (im) 
having  a  ful 1-width-at -ha  1 f -maximum  (FWHM)  of  30  meV .  A  high 
energy  shoulder  is  also  seen  at  -130  meV .  We  attribute  the 
observed  PL  peaks  as  being  associated  with  transitions  between  the 
allowed  quantum  states  of  the  super latt ice,  with  the  principal 
peak  corresponding  to  the  energy  released  by  an  electron  in  going 
from  the  n  =  1  conduction  band  state  to  the  heavy  hole  ground 

state  (IH  transition),  which  corresponds  to  the  band  gap  energy  of 
the  superlattice  (114  meV  at  4.2K). 

Figure  2(a)  shows  plots  of  Hall  mobility  and  carrier 
concentration  versus  temperature  for  a  p-type  modulation-doped 
HgCdTe  superlattice  (B75A)  consisting  of  200  double  layers  in 
which  the  barrier  layer  thickness  is  Lb  =  51.8  A  and  the  well  layer 
thickness  is  Lj  =  90.7  A.  For  this  super  latt  ice ,  the  Hall 

coefficient  is  negative  at  room  temperature  due  to  thermal 
excitation  of  carriers,  since  the  electron  mobility  in  HgCdTe  is 
much  larger  than  the  hole  mobility.  The  Hall  coefficient  becomes 
positive  at  ~180K  and  at  lower  temperatures  the  holes  manifest 
their  properties.  For  B75A,  it  is  seen  that  the  hole  mobility 
increases  monotonically  as  the  temperature  decreases  and  reaches  a 
maximum  of  )lp  =  850  cm^/V  s  at  30  K,  the  lowest  temperature 
measured.  This  is  an  excellent  mobility  value  for  Hgg  TgCdp 
especially  since  the  quantum  confinement  shifts  the  band  gap  of 
B75B  at  4.2  K  to  nearly  8  (ira,  corresponding  to  a  bulk  alloy  of  x 
-0.26.  Note,  in  addition,  from  Figure  2(b)  the  very  bright  and 
narrow  (FWHM  =  10  meV)  PL  peak  that  is  observed  at  4.2  K.  For 
this  superlattice,  the  low  temperature  hole  concentration  is  not 
constant,  as  would  be  expected  for  a  modulation-doped  structure, 
suggesting  that  some  of  the  dopant  ions  may  have  diffused  across 
the  layer  interfaces  to  provide  centers  for  hole  freeze-out  at  low 
temperatures.  Alternatively,  hole  freezeout  may  be  due  to  other 
impurities  (such  as  Hg  deficiencies)  in  the  quantum  well  layers. 
It  would  be  premature  to  speculate  further  on  this  point  at  this 
time,  since  only  a  few  superlattices  of  this  type  have  been  grown 
to  date . 


Figure  3  shows  Hall  effect  and  photoluminescence  data  for  a 
p-type  modulation-doped  superlattice  B73A  for  which  L,  =  Lp  =  51.8 
A  and  X  =  0.22  for  the  Hgj_^Cdj,Te  well  layers.  Note  that  the 
quantum  confinement  associated  with  small  L,  is  manifested  by  the 
large  energy  shift  in  the  PL  peak  at  4.2  K  to  220  meV  (5.6  |lm)  , 
which  corresponds  to  the  band  gap  of  an  equivalent  bulk  Hgj_„Cd„Te 
alloy  having  x  =  0.31.  The  hole  mobility  increases  with  de¬ 
creasing  temperature,  as  shown  in  Figure  3(a),  and  reaches  a  value 
of  Up  =  200  cm7/V  s  at  30  K. 


Mobility  (cm  V-s) 
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Fig.  1.  Hall  effect,  and  PL  data  for  n-type  superlattice  B77A. 
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Fig.  2.  Hall  effect  and  PL  data  tor  p-type  superlattice  B75A. 
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Fig.  3.  Hall  effect  and  PL  data  for  p-type  superlattice  B73A. 
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ABSTRACT 

The  presence  of  low  mobility  surface  electrons  on  n-Hgi_jCdjTe  is  generally  not 
apparent  in  the  temperature  dependence  of  the  Hall  Coefficient  (Rfr)  or  the  Hall  mo¬ 
bility  (/i/f)  of  the  layer.  However,  its  influence  is  clearly  seen  in  the  magnetic  field  (B- 
ficld)  dependence  of  R^.  The  B-field  dependence  of  R^  can  be  analyzed  to  extract 
the  bulk  and  surface  carrier  concentrations  and  their  respective  mobilities. 

This  diagnostic  technique  hzis  been  used  for  evaluating  epitaxial  Hgi_iCdjTe  lay¬ 
ers  grown  by  organometallic  vapor  phase  epitaxy  (OMVPE),  which  have  been  con¬ 
verted  to  n-type  by  annealing  in  Hg  overpressure.  In  addition,  the  effect  of  anodic  sul¬ 
fide  passivation  on  the  B-field  dependence  of  Hall  coefficient  Is  also  outlined. 


Hall-effect  analysis  in  Hgi-iCd^Te  is  often  complicated  by  the  presence  of  surface 
carriers  in  addition  to  the  bulk  carriers  (1-5|.  An  unpassivated  surface  of  Hgi_jCdiTe 
typically  has  a  sheet  layer  of  surface  electrons  with  a  concentration  in  the  range  of  3 
X  10“/cm^  to  1  xlO^^/cm^.  These  -urface  electrons  come  about  due  to  the  fixed 
positive  charges  present  in  the  native  oxide  of  Hgi-iCdiTe.  The  mobility  of  these 
electrons  is  usually  a  factor  of  5-10  lower  than  those  of  the  bulk  electrons,  while  still 
a  factor  of  10-20  higher  than  those  of  the  bulk  holes. 

The  high  mobility  of  the  surface  electrons  compared  to  the  bulk  holes  makes  their 
presence  readily  apparent  in  Hall  measurements  of  p-type  Hgi-iCdjTe,  even  in  cases 
where  the  bulk  holes  far  outnumber  the  surface  electrons.  As  a  result,  the  Hall  data 
on  p-type  layers  including  the  effect  of  the  surface  electrons  has  been  analyzed  with 
great  detail  [2-5j. 

The  lower  mobility  of  surface  electrons  compared  to  the  bulk  electrons  makes 
them  of  relatively  minor  importance  in  the  case  of  n-type  Hgi_;tCdiTe  layers  which 
are  cither  very  thick  or  heavily  n-type,  such  that  the  surface  to  bulk  ratio  is  small. 

In  the  case  of  Hgi-iCd^Te  layers  grown  by  OMVPE,  which  have  been  converted 
to  n-type  by  Hg  saturated  anneal,  we  find  that  this  is  not  the  case.  Here,  the  typi¬ 
cal  layer  thickness  is  around  10  pm,  and  the  bulk  electron  concentration  is  around  5 
X  10*^/cm^.  For  an  average  surface  electron  concentration  of  5  x  10‘ s'^r- 
face  and  bulk  electrons  are  thus  equal  in  number.  This  makes  Hall  measurements  of 
these  light  n-type  layers  susceptible  to  surface  effects.  The  presence  of  surface  elec¬ 
trons  causes  the  measured  effective  carrier  concentration  in  the  layer  to  be  higher  than 
the  actual  bulk  value,  and  the  effective  electron  mobility  to  be  lower  than  the  bulk 
value.  In  addition,  the  measured  values  of  carrier  concentration  and  mobility  depend 
on  the  magnetic  field  at  which  the  Hall  measurement  is  done.  However,  unless  the  sur¬ 
face  electron  concentration  is  very  high  compared  to  the  bulk  electron  concentration, 
the  presence  of  surface  layer  is  not  very  apparent  in  the  temperature  dependence  of 
the  Hall  coefficient  or  mobility  of  n-type  layers. 

The  Hall  effect  on  layers  with  multi-carrier  conduction  has  been  analyzed  in  the 
past  j6,  7:.  Here  the  magnetic  field  dependence  of  the  Hall  coefficient,  along  with  the 
conductivity  of  the  layer,  can  be  used  to  isolate  the  various  types  of  carriers  These 
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techniques  have  been  used  to  study  epitaxial  layers  of  InAs  and  polycrystalline  lay¬ 
ers  of  InSb,  where  in  addition  to  bulk  carriers,  surface  and  interface  carriers  were  ob¬ 
served  [8,  9].  More  recently  such  techniques  have  been  employed  for  studying  p-type 
Hgi-iCd^Te  layers  [3,  4].  In  this  paper  we  have  applied  this  technique  for  evaluating 
the  effects  of  surface  electrons  on  Hall  effect  in  n-type  Hgt_iCdiTe  layers.  The  B- field 
dependence  of  the  Hall  coefficient  is  analyzed  in  order  to  separate  the  bulk  and  sur¬ 
face  carrier  concentrations  and  mobilities.  Results  of  the  analysis  are  verified  by  subse¬ 
quently  passivating  the  layers  using  anodic  sulfidization  which  alters  the  c'lncentration 
of  the  surface  carriers  without  affecting  the  bulk  value. 

The  data  on  one  particular  sample  is  chosen  for  the  sake  of  demonstration.  The 
sample  described  here  is  a  Hgi_,CdiTe  layer  of  composition  x  =  0.267.  It  was  grown 
on  a  (100)  CdTe  substrate  by  the  simultaneous  pyrolysis  of  dimethylc£uimium,  mer¬ 
cury  and  diisopropyltellurium  at  370*’C  ilO].  The  as  grown  layer,  which  is  approxi¬ 
mately  4  xl0*®/cm®  p-type  due  to  Hg  vacancies,  is  converted  to  n-type  by  aimealing 
under  Hg  saturated  conditions.  The  n-type  conduction  in  the  annealed  layer  is  prob¬ 
ably  due  to  the  residual  donor  impurities  in  the  layer.  Hall  effect  measurements  were 
made  using  the  van  der  Pauw  technique  [llj. 

Figure  1  shows  the  Hall  coefficient  R//,  and  the  Hall  mobility  fif/  of  this  layer  as 
a  function  of  1000/T.  A  magnetic  field  strength  of  2.4  KG  was  used  for  this  measure¬ 
ment.  The  thickness  of  the  layer  was  10.6  /im.  Both  as  well  as  /xjf  shows  a  “classi¬ 
cal”  n-type  behavior  [12).  The  carrier  concentration  shows  a  slight  freeze-out,  which  is 
expected  in  lightly  doped  n-type  Hg,_^CdiTe  of  this  composition.  The  mobility  peaks 
around  30K  with  a  value  of  90,000  cm^/Vsec,  and  the  measured  effective  electron  con¬ 
centration  in  the  layer  is  7.5  xl0‘^/cm®  at  this  temperature. 

With  p-type  Hgi_;iCda,Te,  the  presence  of  surface  layers  is  very  obvious  in  the 
temperature  dependence  of  R/r  and  hh  (2).  However,  this  is  not  the  case  here,  where 
there  are  no  unexpected  peaks  in  the  Rh  curve  and  the  measured  carrier  concentra¬ 
tion  and  mobility  are  also  acceptable  as  the  actual  bulk  values.  The  presence  of  two 
carrier  conduction  becomes  immediately  apparent  when  the  Hall  effect  measurement  is 
carried  out  eis  a  function  of  the  magnetic  field.  Figure  2  shows  the  Rh  of  this  sample 
measured  as  a  function  of  B-field  at  a  temperature  of  30K.  Ignoring  the  variation  in 
the  Hall  factor  (rn)  with  B-field,  the  Rjj  is  expected  to  be  independent  of  the  B-field 
if  the  conduction  in  the  layers  is  purely  due  to  the  bulk  electrons.  But,  in  the  case  of 
conduction  due  to  carriers  with  different  mobilities,  such  a  variation  in  R^f  with  B- 
field  is  expected.  As  the  layer  is  fully  extrinsic  at  30K,  only  electrons  will  be  present 
in  the  bulk  of  the  sample;  and  hence  the  B-field  dependence  of  the  Rh  has  to  be  due 
to  additional  low  mobility  electrons  present  at  the  surface. 

The  layer  was  analyzed  assuming  that  there  were  only  two  types  of  carriers 
present:  bulk  electrons  and  surface  electrons.  It  was  assumed  that  they  can  be  char¬ 
acterized  by  two  well-defined  mobilities.  The  good  agreement  of  this  model  with  the 
experimental  results  presented  here  seems  to  vindicate  this  assumption.  For  a  layer 
containing  bulk  as  well  as  surface  carriers,  the  Hall  coefficient  R//  is  given  by: 

R  =  _i  +  ".M?)  +  rV?  B^(n  +  n.) 

"  ij  [(np  +  n.p.)^  +  J 

and  the  conductivity  o  is  given  by: 

o  =  q[nii  +  n.p.)  (2) 

Here  n  is  the  bulk  electron  concentration,  and  n,  is  the  average  concentration  (sheet 
carrier  concentration  IV,,  divided  by  the  total  thickness  of  the  Hgi-jCd^Te  layer)  of 
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the  surf2u:e  electrons.  ^  and  fi,  axe  the  corresponding  bulk  and  surface  mobilities. 

Using  computer  simulation,  the  bulk  electron  concentration  in  the  above  sample 
was  calculated  to  be  4  xlO^^/cm®  with  a  bulk  mobility  of  137,000  cm^/Vsec  at  30K. 
The  surface  electron  concentration  was  calculated  to  be  6  xl0**/cm^  with  a  surface 
mobility  of  23,500  cm^/Vsec.  The  solid  curve  drawn  through  the  experimental  values 
of  Rh  in  Fig.  2  is  the  theoretical  curve  for  these  values  of  the  bulk  and  surface  param¬ 
eters.  The  excellent  fit  vindicates  the  assumption  that  only  two  types  of  carriers  need 
to  be  considered  in  these  layers. 

Table  1  shows  the  result  of  Hall  effect  analysis  with  and  without,  including  the 
effect  of  the  surface  carriers.  Here  the  first  colunm  lists  the  electron  concentration  and 
mobility  as  measured  at  30K  using  a  magnetic  field  strength  of  2.4  KG.  In  the  second 
column  the  results  of  the  variable  B-field  analysis,  which  separates  out  the  bulk  carrier 
cind  surface  carriers,  is  presented. 

To  verify  that  the  B-field  dependence  of  Rj/  was  indeed  caused  by  surf«u;e  effects, 
and  that  the  bulk  parameters  extracted  using  this  technique  are  reliable,  the  layer  was 
passivated  using  anodic  sulfide  [13]  and  the  Hall  measurements  were  repeated.  An¬ 
odic  sulfidization  results  in  a  reduced  surface  carrier  concentration;  and  since  it  is  a 
low  temperature  process,  the  bulk  parameters  are  expected  to  remain  unchanged  [4, 

13] .  Before  sulfidization  the  sample  was  given  30  seconds  etch  in  1%  Br-methanol,  and 
the  sulfidization  was  carried  out  in  a  non-aqucous  solution  of  sodium  sulfide  in  ethy¬ 
lene  glycol.  After  growing  about  400  A  of  native  anodic  sulfide,  the  layer  was  capped 
with  about  2500  A  of  evaporated  ZnS.  Due  to  etching  and  growth  of  native  sulfide  the 
thickness  of  the  Hgi-iCd^Te  layer  was  reduced  to  9.7  pm  from  the  original  value  of 
10.6  pm. 

The  Rh  of  the  passivated  sample  as  a  function  of  B-field,  as  measured  at  30K,  is 
shown  in  Fig.  3.  The  sample  still  shows  some  variation  in  the  Rp  with  B-field.  How¬ 
ever,  the  values  of  R//  are  considerably  higher  than  before,  and  the  total  variation  is 
also  significantly  lower.  From  the  measured  values  of  R//  and  a,  the  bulk  and  surface 
parameters  were  once  again  calculated.  The  bulk  electron  concentration  was  evaluated 
to  be  3.9  xlO^^/cm^  with  corresponding  bulk  mobility  of  142,000  cm^/Vsec.  The  sur¬ 
face  carrier  concentration  was  evaluated  to  be  1.5  xl0**/cm*  with  a  surface  mobility 
of  31,000  cm^/Vsec.  Table  2  shows  the  results  of  the  variable  B-field  analysis  before 
and  after  passivation.  Note  that  the  bulk  values  are  essentially  the  same.  For  the  sul- 
fidized  S2imple,  the  surface  electron  concentration  is  lower  by  a  factor  of  4  compared  to 
the  bare  sample.  There  is  also  some  increase  in  the  surf2«:e  mobility  in  the  sulfidized 
sample,  which  is  probably  due  to  the  reduced  concentration  of  the  surface  electrons 
and  reduction  in  the  surface  scattering  as  a  result  of  passivation.  The  Rp  vs.  B-field 
characteristic  looks  very  different  before  and  after  sulfidization,  and  yet  both  yield  the 
same  values  for  the  bulk  parameters;  which  proves  that  the  bulk  values  calculated  by 
this  method  are  correct. 

Figure  4  shows  the  temperature  dependence  of  the  Rp  and  pp  of  the  sulfidized 
layer  taken  at  a  B-field  of  2.4KG,  as  in  the  case  of  the  unpassivated  layer  (Fig.  1). 

Due  to  the  reduction  in  the  number  of  surface  electrons,  the  measured  value  here 
become  closer  to  the  bulk  value  as  is  seen  by  the  increase  in  the  Rp  and  pp.  The 
measured  electron  concentration  and  mobility  (the  effective  values)  at  30K  are  4.9 
xl0‘^/cm^  and  123,000  cm^/Vsec,  which  are  nearer  to  the  bulk  values  calculated  us¬ 
ing  the  variable  B-field  technique.  If  the  layers  were  perfectly  passivated  so  that  all 
the  surfzice  electrons  could  be  eliminated,  these  values  would  have  been  the  same  as 
the  bulk  values. 

In  the  foregoing  discussions  it  was  assumed  [3,  4]  that  the  Hall  factor  rp  did  not 
change  with  B-field.  Theoretical  calculations  show  that  at  30K  this  variation  would  be 
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less  than  3%  in  CdTe  and  less  than  10%  in  HgTc  [14],  In  the  unpassivated  sample,  the 
Rk  varies  by  about  30%  in  the  0  to  6KG  range  and  by  about  10%  in  the  passivated 
sample.  The  contribution  to  this  from  variation  in  the  th  is  unknown  at  present  and 
has  been  neglected.  But  this  would  certainly  be  less  than  10%. 

The  variable  B-field  analysis  can  only  evaluate  the  effective  volume  concentra¬ 
tions  and  mobilities  of  the  two  types  of  carriers,  and  not  their  physical  location.  It 
is  well-known  that  the  bare  surface  of  Hgi-iCd^Te  usually  has  surface  electrons  of 
the  order  of  3-10  xl0“/cm^,  and  that  by  anodic  sulfidization  these  can  be  reduced  to 
about  1-2  xl0^*/cm*  [4].  In  layers  investigated  in  our  laboratory,  we  notice  the  same 
trend.  Hence,  the  low  mobility  electrons  have  been  attributed  to  the  top  surface.  In 
addition,  the  two  carrier  model  gives  a  near  perfect  match  between  the  theoretical  and 
experimental  values.  As  a  result,  we  have  ignored  the  presence  of  any  electrons  at  the 
epi-substrate  interface  between  Hgt.^Cd^Te  and  CdTe  which  might  have  mobilities 
different  from  those  of  the  bulk  and  surface  electrons. 

The  results  reported  here  are  for  an  average  sample  with  a  bulk  carrier  concen¬ 
tration  of  4  xlO^^/cm®,  and  surface  carrier  concentration  of  6  xl0’*/cm^.  As  is  ex¬ 
pected,  the  effect  is  more  severe  in  layers  with  lower  bulk  electron  concentrations  or 
higher  surface  electron  concentration.  In  such  cases,  ignoring  the  presence  of  the  sur¬ 
face  electrons  leads  to  an  overestimation  of  the  bulk  doping  concentration  and  an  un¬ 
derestimation  of  the  bulk  electron  mobility. 

In  conclusion,  we  have  shown  that  the  presence  of  surface  electrons  on  lightly 
doped  n-type  layers  of  Hgi-iCd^Te  alters  the  effective  carrier  concentration  and  mo¬ 
bility  significantly.  The  problem  can  be  eliminated  by  passivating  the  layer,  thus  elim¬ 
inating  the  surface  electrons  prior  to  the  Hall  measurement.  Alternatively,  by  analyz¬ 
ing  the  B-field  dependence  of  the  R/f,  the  true  bulk  electron  concentration  and  mobil¬ 
ity  can  be  evaluated.  The  correctness  of  the  technique  was  verified  by  analyzing  the 
Hall-effect  of  the  same  bulk  layer  with  different  surface  carrier  concentrations. 
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TABLE  1 

RESULTS  OF  HALL  EFFECT  MEASUREMENT  AT  30K  WITH  AND  WITHOUT 
INCLUDING  THE  SURFACE  EFFECTS 


APPARENT  VALUE  ACTUAL  VALUE 
(B  =  2.4KG) 


n(/cm^) 
fi{crn^  jV  sec.) 

7.5  X 

90,000 

4  X  lO*'* 

137,000 

Ns{jcrT?) 
^s(crrx^  JV  sec.) 

— 

6  X  10** 

23, 500 

TABLE  2 

RESULTS  OF  THE  VARIABLE  B-FIELD  ANALYSIS  AT  30K 
BEFORE  AND  AFTER  SURFACE  PASSIVATION 

BEFORE 

SULFIDIZATION 

AFTER 

SULFIDIZATION 

n(/cm^) 
ti{cm‘^IV  sec.) 

4  X  10“* 
137,000 

3.9  X  10*’ 

142,000 

Hs(cm'^/Vsec.) 

6  X  10" 
23,500 

1.5  X  10** 

31,000 

-I0‘l 


10« 


lOOO/T  (l/K) 


Figure  1.  Hall  coefficient  and  Hall  mobil¬ 
ity  vs.  1000/T  for  an  n-type  Hgi.xCd^Te 
layer,  i  =  0.267,  layer  thickness  =  10.6  nm. 
B-field  =  2.4KG. 


Figure  2.  Hall  coefficient  vs.  B-field  for  the 
sample  of  Fig.  1  at  30K.  The  solid  curve  is 
the  theoretical  fit  to  the  experimental  data 
for  two  carrier  conduction. 
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P'igure  3.  Hall  coefficient  vs.  B-field  for  the 
sample  of  Fig.  2  after  surface  passivation. 
The  solid  curve  is  the  theoretical  fit  to  the 
experimental  data  for  two  carrier  conduc¬ 
tion. 


Figure  4.  Hall  coefficient  and  Hall  mobility 
vs.  1000/T  for  the  sample  in  Fig.  1  after 
surface  passivation,  x  =  0.267,  layer  thick¬ 
ness  =  9.7  /im.  B-field  =  2.4KG. 
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ABSTRACT 

Anodic  oxide  passivation  of  p-type  HgCdTe  generates  an  inversion  layer.  Extremely 
high  Hall  mobility  data  for  electrons  in  this  layer  indicated  the  presence  of  a  two- 
dimensional  electron  gas.  This  is  verified  by  use  of  the  Shubnikov-de  Haas  effect  from 
1.45-4. 15K.  Data  is  extracted  utilizing  a  numerical  second  derivative  of  DC 
measurement.  Three  sub-bands  are  detected.  Their  relative  occupancies  are  in  excellent 
agreement  with  theory  and  with  experimental  results  obtained  on  anodic  oxide  as 
accumulation  layers  of  n-type  HgCdTe.  The  effective  mass  derived  is  comparable  to 
expected. 


INTRODUCTION 

The  narrow-gap  semiconductor  HgCdTe  is  an  important  infrared  detector  material. 
Most  photodiodes  are  implemented  on  p-type  HgCdTe,  The  performance  of  these 
devices  is  heavily  dependent  on  surface  properties.  Thus  the  selection  of  an  appropriate 
passivation  is  crucial. 

Anodic  oxide  forms  an  accumulation  layer  on  n-type  material.  The  two- 
dimensional  sub-bands  of  this  passivation  have  been  thoroughly  investigated  in  recent 
years.  Findings  obtained  using  various  magnetoresistence  measurements  [1-7]  are  in 
good  agreement  with  data  obtained  from  other  narrow-gap  non-parabolic  semiconductor 
systems,  in  particular  on  HgTe  and  HgTe/CdTe  superlattices  [8-10].  It  has  been  shown 
both  in  theory  [11,12],  as  well  as  experimentally  [1,5,6]  that  narrow-gap  non  parabolic 
materials  possess  common  features.  One  characteristic  of  accumulation  and  inversion 
layers  on  such  materials  is  a  large  number  of  occupied  sub-bands,  as  many  as  five  in 
HgCdTe  [5,6].  Ando  [12]  has  shown  that  a  large  change  in  the  band-gap  energy  has  little 
effect  on  the  relative  occupancy  of  the  various  sub-bands. 

In  this  work  we  report  the  use  oi  the  Shubnikov-de  Haas  (SdH)  technique  to 
measure  the  transport  properties  of  electrons  in  an  inversion  layer  on  p-type 
Hgi_iCd,Te.  The  inversion  film  was  formed  by  generating  an  anodic  oxide  passivation 
to  a  low  concentration  p-type  substrate,  -/Vd=8  •  10’“*  cm"^,  with  composition  ratio 
of  x=0.22.  The  low  acceptor  concentration  enhanced  the  Hall  data  of  the  inverson  layer. 
An  extremely  high  Hall  mobility,  higher  than  measured  for  electrons  in  n-type  material 
of  similar  composition,  triggered  our  speculation  that  a  2-dimensional  electron  gas  is 
present  [13].  Since  previous  measurements  concentrated  on  accumulation  layers,  it 
seemed  intriguing  to  examine  an  inversion  film,  in  particular  since  the  theory  of  Taktida 
et  al.  [11]  was  developed  for  the  latter  structure  (see  remark  in  [7]). 

When  a  magnetic  field  is  applied  perpendicular  to  a  surface  Layer,  the  translational 
motion  is  quantized  into  Landau  levels.  Sweep  of  the  field  reveals  oscillations  periodic 
with  inverse  magnetic  field  due  to  modulation  of  the  density  of  states  at  the  Fermi  level 
as  the  Landau  levels  increase  in  energy  with  increasing  field.  When  several  sub-bands 
are  occupied,  these  SdH  measurements  generate  a  waveform  which  is  a  superposition  of 
the  oscillations  for  each  sub-band.  The  two-dimensionality  of  the  structure  can  be 
verified  by  a  vanishing  signal  as  the  sample  is  rotated  by  90°. 
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EXPERIMENTAL  WORK 

The  measurement  of  DC  magnetoresistence  on  HgCdTe  frequently  reveals  little 
information.  Seiler  and  Becker  114]  introduced  an  AC  technique  where  the  magnetic 
field  is  modulated  and  phase  sensitive  detection  is  employed.  The  second  derivative  of 
the  amplitude  presents  clear  data  of  SdH  oscillations  [2,5,6,8,10].  An  alternative  method 
is  using  a  metal-insulator-semiconductor  (MIS)  structure  and  modulating  the  gate  voltage 
[1,7,15].  Since  our  experimental  setup  did  not  provide  for  modulation  of  the  magnetic 
field  and  Hall  bar  samples  were  used,  we  had  to  develop  appropriate  numerical  methods 
in  order  to  extract  the  oscillatory  data.  Fourier  analysis  showed  no  oscillatory  pattern 
following  background  subtraction.  Instead  numerical  second  derivative  of  the  voltage 
with  respect  to  the  field  combined  with  data  smoothing  was  employed.  These  were 
obtained  by  fitting  a  small  number  of  points  to  a  second  degree  polynomial.  This  process 
eliminates  the  background  and  reveals  the  SdH  oscilations. 

Figure  1  shows  such  a  plot  of  the  second  derivative  versus  an  inverse  magnetic 
field  measured  at  1.45  K.  Several  frequencies  of  oscillations  can  be  observed, 
corresponding  to  various  sub-band  populations  and  their  harmonics.  In  figure  2  we 
separated  between  these  frequencies:  trace  (a),  corresponds  to  0.31-0.44  T,  with  a 
frequency  of  3.75  T;  trace  (b),  corresponds  to  0.51-0.79  T,  with  a  frequency  of  9.7  T  and 
a  change  of  phase  (beat)  at  0.66  T;  trace  (c),  corresponds  to  1.01-1.16  T  and  shows 
superposition  of  the  previous  frequency  with  a  30.4  T  waveform. 

The  effect  of  increasing  temperature  is  presented  in  figure  3,  in  which  trace  2c  is 
repeated,  this  time  at  4.15  K.  There  is  an  obvious  decrease  of  the  amplimde  of  the  30.4  T 
oscillation,  while  the  reduction  in  the  9,7  T  component  is  minimal. 


I/B  (Tesla'') 


Fig.  1;  Numerical  second  derivative  of  magnetoresistance  measured  at  1.45X,  showing 
SdH  oscillations  of  an  anodic  oxide  inversion  layer  on  p-Hg^y^Cdo  22  7"? 


I/B  (Teslo"') 


Fig.  2: 


High  resolution  data  of  Fig.  1,  revealing  3  oscillation  frequencies: 

a.  0.31-0. 44T,f=  3.75T. 

b.  0.51-0.79T,  F  =  9.7T.  Note  the  phase  shift  at  -1.52  1/T. 

c.  1.01-1. 16T,  superposition  of  F  =  9.7T  andF  =  30.4T. 
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Fig.  3:  Same  as  Fig.  2c,  at  4.15,  showing  substantial  decrease 
of  30.4T  component,  less  of  the  9.7  one. 


ANALYSIS  AND  DISCUSSION 


The  change  in  the  resistivity  due  to  the  magnetic  field  can  be  expressed  as  1 16) 


Po 
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where  T  =  temperature,  B  =  magnetic  field,  F  =  oscillation  frequency,  0  =  phase,  7'/)  = 
Dingle  temperature,  m,  =  effective  mass  ratio  (m’/mo),  and  [3  =  Ivrks  molHB  e  =  14.7 
T/'K.  The  summation  on  M  is  over  the  harmonic  frequencies  of  a  given  sub-band  n.  In 
order  to  obtain  the  occupancy  of  the  various  sub-bands,  the  Fourier  transform  of  the  data 
was  obtained  using  an  FFT.  Figure  4  shows  a  transform  of  the  second  derivative  taken 
at  4.15  K.  Similar  spectra  were  obtained  for  all  other  measured  temperatures.  These 
results  highly  resemble  the  data  of  Beck  and  Anderson  (Fig.  2,  Ref.  7),  obtained  for  an 
accumulation  layer.  In  addition  to  the  three  main  frequencies,  corresponding  to  three 
occupied  sub-bands,  one  can  easily  observe  the  second  and  third  harmonics  of  the  3.75  T 
line  (with  the  third  harmonic  more  intense  than  the  second). 

The  effective  mass  of  electrons  in  the  various  sub-bands  can  be  derived  from  the 
reduction  in  amplitude  with  increasing  temperatures.  This  dependence  can  be 
summarized  as  x/sinh  x,  where  x  -  ^Tm,IB.  Unfortunately  due  to  the  very  small 
effective  mass  in  HgCdTe  and  due  to  the  superpo.sition  of  the  various  lines,  it  is  hard  to 
obtain  precise  data  in  the  limited  temperature  range  employed.  Figure  5  shows  a  fit  for 
the  amplitude  of  a  peak  at  1.05  T  (0.95  1/T)  which  corresponds  to  the  first  sub-band, 
with  the  largest  effective  mass.  The  fitted  value  is  m*  =  0.033mo.  The  convex  shape  of 
the  curve  indicates  that  the  argument  of  the  hyperbolic  function  is  indeed  small,  thus 
replacing  the  hyperbolic  sine  with  an  exponential  function  should  be  done  with  extreme 
caution!  [9].  The  data  is  summarized  in  Table  I.  The  uncertainty  in  the  value  of  the 
effective  masses  is  large.  Moreover,  since  the  ratio  of  x  to  its  hyperbolic  sine  approach»s 
rapidly  1  as  x  approaches  0,  the  very  small  effective  masses  of  the  second  and  third 
subbands  renders  a  ratio  which  is  almost  temperature  independent,  causing  a  further 
increase  in  uncertainty  in  determination  of  these  values.  The  accuracy  of  the  derivation 
may  be  improved  by  either  a  deconvolution  of  the  various  frequency  componen's  of  the 
waveform,  or  a  simulation  this  pattern. 
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Fig.  4:  Fo  jrier  transfonn  of  SdH  oscillations.  Clear  peaks  of  3  fundamental 
frequencies,  due  to  3  sub-bands,  and  harmonics  of  F  =  3.75T. 


2^ 

The  sub-band  occupancy  is  given  by  N"  =  —  ■  F".  Summing  up  the 

h 

concenuation  of  the  first  three  sub-bands,  and  adding  4%  for  the  higher  ones  (5],  we 
came  up  with  the  ratio  of  the  sub-bands  occupancy  to  total  surface  concentration  n]. 
presented  in  Table  I. 

Table  I 


n 

png-) 

N"(cm 

nvnI 

m" 

1 

30.4 

1.47-  10'^ 

0.693 

0.033±0.008 

2 

9.7 

4.69-  10" 

0.221 

0.018+0.007 

3 

3.75 

1.81  •  10" 

0.0855 

0.01 1±0.005 

The  concentration  ratios  are  in  excellent  agreement  with  the  theory  in  |12J,  the 
results  of  Beck  and  Anderson  [71  and  the  various  Singleton,  Nicholas  and  Nasir 
investigations  [1-6].  Taking  into  consideration  the  composition  ratio  (.r=0.22),  our 
results  indeed  fit  perfectly  with  a  slight  difference  between  those  of  x  =  0.2  and  x  =0.3 
[2].  The  discrepancy  between  these  data  and  that  of  Zhao  et  al.  [1]  was  recently 
explained  [5J. 

The  effective  masses  obtained  are  on  the  iower  edge  of  the  theory  'll)  and 
experimental  results  [6,7|.  However,  the  large  uncertainty  in  present  values  necessitates 
further  investigation  before  any  conclusions  can  be  drawn. 

The  two-dimensionality  of  the  data  was  verified  by  rotating  the  sample  by  90°. 
The  numerical  analysis  renders  noise  with  amplitudes  one-order  of  magnitude  smaller 
than  the  SdH  oscillations,  for  all  temperatures  tested.  No  peaks  are  present  in  the  Fourier 
transform. 

A  change  of  phase,  such  as  we  observed  at  about  0.66  T,  has  been  previously 
reported  for  SdH  data  on  various  materials,  including  HgTe  films  (8j.  The  last  one  was 
observed  only  at  -1.9  K,  and  was  attributed  to  strain-effects,  rather  than  to  inversion 
asymmetry,  since  it  was  observed  at  low  electron  concentration.  In  this  work  it  is  also 
possible  that  the  beat  is  a  result  of  the  superposition  of  the  two  frequencies  at  9,7  T 
(second  sub-band)  and  at  1 1  T  (third  harmonic  third  sub-band). 
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Tempefoture  <K) 


Fig.  5:  Measured  temperature  dependence  of  peak  at  1 .05T. 

Effective  mass  derived  from  theoretictil  fit  m*  =  0.33m  o- 


CO.VCLUSrONS 

The  SdH  experimental  technique  performed  on  an  inversion  layer,  generated  by 
anodic  oxidation  of  a  p-HgCdTe,  proves  the  existance  of  a  2DEG  and  renders  data  on 
three  sub-bands.  The  calculated  relative  occupancies  of  these  sub-bands  agree  extremely 
well  with  theory  and  experimental  results  obtained  from  accumulation  layers  on  n-type 
materials.  The  analysis  should  be  extended  to  achieve  better  accuracies  of  the  effective 
mass  by  both  measurements  at  higher  temperatures  and  by  mathematical  simulation  of 
the  data.  This  also  may  render  scattering  limes.  Experimental  work  at  higher  magnetic 
fields  may  reveal  additional  structures. 

The  numerical  analysis  performance  in  this  work  has  proven  that  it  is  possible  to 
compensate  for  limitations  in  experimental  facilities  by  appropriate  mathematical  tools. 
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ELECTRICAL  CHARACTERISATION  OF  P-TYPE  Cd^Hg^^^Te  GROWN  BY  MOVPE 
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ABSTRACT 

The  results  of  electrical  characterisation  of  a  series  of  MOVPE  layers  of 
CdxHg,-j{^®  (CMT)  grown  by  the  interdiffused  multilayer  process  (IMP)  are  reported.  It 
is  shown  that  the  properties  of  the  CMT  layers  when  grown  as  a  "sandwich”  between 
CdTe  buffer  and  cap  layers  display  »ical  p“typc  Hall  effect  curves.  These  have  been 
modelled  and  the  sensitivity  of  the  f\  ing  parameters  are  reported.  It  is  shown  that  there 
is  evidence  of  complex  ("anomalous")  two-layer  like  behaviour  in  low  x  material  which  is 
not  attributable  to  inversion  behaviour. 

INTRODUCTION 

The  assessment  of  the  basic  electrical  transport  properties  of  epitaxial  layers  of 
CdjjHg,_xTe  by  Hall  effect  measurements  can  present  serious  interpretation  difficulties. 
These  difficulties  arise  because  surface  inversion  and  interface  effects  lead  to  complex 
"two-layer"  R^  curves,  often  referred  to  as  anomalous.  In  this  paper  we  report  detailed 
electrical  measurements  on  high  quality  MOVPE  layers  in  which  these  effects  have  been 
effectively  suppressed  using  controlled  growth  procedures.  The  Hall  curves  have  been 
modelled  using  a  minimum  of  fitting  parameters.  The  mode’s  are  sensitive  to  the  choice 
of  alloy  composition  from  which  n|  is  derived.  In  the  low  x  range  it  will  be  shown  that 
very  small  changes  in  nj  can  lead  to  a  model  which  predicts  a  second  low  temperature 
sign  change  in  the  Hall  coefficient.  This  effect  arises  as  an  intrinsic  effect  and  is  not 
due  to  inversion  phenomena. 

ROLE  OF  INTERFACES/SURFACES 

Inversion  behaviour  involving  the  creation  of  n-type  carriers  in  the  surface  regions 
of  p-type  CMT  can  arise  from  a  variety  of  causes.  In  an  original  study  by  Mullln  and 
Royle  (1)  surface  oxidation  or  damage  on  bulk  CMT  was  identified  as  an  important  cause. 
Subsequently  (2)  a  range  of  preparation-related  phenomena  were  shown  to  give  rise  to 
inversion-like  effects  on  epitaxial  layers.  They  included  impurities  on  or  from  substrates, 
Ga  from  GaAs  for  example,  capricious  growth  behaviour  resulting  in  the  formation  of 
HgTe  or  low  x  CMT,  as  well  as  post-growth  phenomena  involving  the  effect  of  Hg  in 
creating  n-type  surfaces.  This  latter  cause,  involving  Hg  indiffusion  during  cool-down 
following  the  growth  of  MOVPE  layers,  has  been  identified  as  a  common  phenomenon. 
The  cool-down  conditions  which  avoid  this  problem  have  been  modelled  by  Irvine  et  al 
(3).  The  effects  of  Hg  indiffusion  have  been  avoided  by  Ghandhi  et  al  (4)  and  by  the 
authors  (3)  by  using  a  thin  layer,  typically  O.lpm.  of  CdTe  in  order  to  cap  the  CMT 
layer.  The  significantly  reduced  diffusion  in  CdTe  compared  with  Cd^Hg^-j^Te  can 
eliminate  the  problem  of  Hg  converting  the  surfaces  of  layers  from  p  to  n.  The  effect  of 
diffusion  from  the  substrate  can  also  be  avoided  in  a  similar  manner  by  using  a  buffer 
layer  of  CdTe, 

In  the  present  study  then  the  judicious  use  of  CdTe  buffers  and  caps  have  been 
used  to  eliminate  extraneous,  preparation-related,  inversion  effects  in  order  to  enable  the 
transport  properties  of  pure  CMT  to  be  assessed. 

MODELLING 

The  Hall  coefficient  R^  as  a  function  of  1/T  and  T  has  been  modelled  using  the 
standard  expression  given  in  equation  1 : 
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where  p,  n,  b  and  q  are  respectively  (he  hole  concentration,  the  electron  concentration, 
the  mobility  ratio  of  electrons  to  holes  and  (he  charge  on  an  electron. 

The  value  of  p  was  obtained  from  the  charge  neutrality  expression  (equation  2) 

p  -  n  -  Na-  +  Nd+  =  0  (2) 

by  solving  equation  2  as  a  cubic  in  p  where  Na~  and  Nd'*^  are  the  ionised  donors  and 


acceptors  respectively. 

Na""  is  given  by: 

Na”  = 

P.  X  Nj,  (toul) 
p  +  Pa 

(3) 

using 

P. 

^  exp  (-Ea/kT):  (g=4) 

(4) 

8 

Nv  = 

2(2xtn|,  kT)3'' 

(5) 

and 

nj'  = 

np 

(6) 

where  Ny,  Ej,  mj,  and  nj  are  respectively  the  density  of  states  in  the  valence  band,  the 
ionisation  energy  of  the  acceptor,  the  hole  effective  mass  ratio  (0.55)  and  the  intrinsic 
number.  In  order  to  model  R„  it  was  necessary  to  input  a  value  of  b  and  choose 
appropriate  values  of  the  five  parameters  x,  b,  Ej,  Nj  and  Nq. 

The  Hall  measurements  were  made  over  the  temperature  range  4.2  to  300K  at  0.2 
Tesla.  A  series  of  18  epitaxial  layers  were  examined,  the  experimental  results  being 
compared  against  the  model.  The  results  and  models  have  been  drawn  on  two  scales  Rn 
versus  T  to  define  the  high  temperature  range  clearly  and  R^j  versus  1/T  to  define  the 
freeze  out  region.  In  many  cases  excellent  fits  were  obtained  but  in  the  others,  although 
they  were  all  very  good,  precise  fits  were  not  achieved.  The  dominant  paiaineters  in  the 
high  temperature  region  were  x  and  b  and  although  they  are  interactive,  b  was  chosen 
primarily  to  coincide  with  R^^  maximum  and  x  to  give  the  sign  change  in  R^  at  the 
appropriate  temperature. 

In  the  low  temperature  region  Nj  and  Ej  dominate.  The  choice  of  Nj  is 
straightforward  if  there  is  a  well  defined  exhaustion  region.  This  was  rarely  the  case 
because  this  region  is  only  clearly  defined  for  high  x  and  low  p-type.  Nonetheless 
adjustment  of  N3  was  made  to  fit  the  results.  As  most  results  were  at  fairly  high  p 
levels,  Nj  was  not  included.  It  was  assumed  Nj  would  be  small  compared  with  Nj  and 
SIMS  analysis  shows  that  the  common  donor  impurities  were  either  at  or  below  their 
detection  limits  of  10'*atoms  cm”  3.  The  choice  of  Ej  was  then  made  to  fit  the  freeze 
out  region. 


EXPERIMENTAL 


The  epitaxial  layers  were  grovm  using  the  IMP  process  (see  3  and  references 
therein).  The  growth  was  carried  out  at  350  C  using  MCjCd  and  iPtjTe.  The  substrates 
were  CdTe  oriented  •^3’  off  (100)  towards  the  (110). 

The  Hall  effect  measurements  were  made  using  the  van  der  Pauw  method  on  '»5mm 
square  cleaved  samples  from  the  epitaxial  layers  using  the  equipment  and  procedure 
described  in  reference  (2).  It  should  be  noted  that  the  Hg  vacancy  (acceptor) 
concentration  in  Cd„  jHg^  .Te  layers  grown  at  350'C  would  be  M xl 0 ' 'carriers  cm”'. 

Effect  of  buffers  and  caps 

Typical  Hall  curves  for  three  different  epitaxial  structures  are  shown  in  figure  1. 
The  upper  curve  (J185)  shows  the  results  for  the  first  structure  for  a  7,5^m  thick 
epitaxial  layer  of  CMT  (x=0.19)  which  was  grown  without  a  buffer  or  a  cap.  The  dotted 
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curve  shows  the  same  layer  after  3.0^  had  been  removed  from  the  surface.  was 

-ve  for  both  curves  throughout  the  temperature  range.  The  behaviour  is  typical  of  a  two 
layer  structure  (2).  It  was  attributed  to  the  effect  of  a  post-growth  anneal  occurring  in 
the  Hg  vapour  in  the  reactor  as  it  cooled  from  the  growth  temperature  to  room 
temperature. 

The  second  structure  for  which  J203  is  an  example  is  cha:acterised  by  a  CMT 

epitaxial  layer  onto  which  was  grown  a  O.l^im  cap  of  CdTe.  The  results  are  dramatically 
different  to  those  of  J185.  An  almost  classic  p-typc*  (where  the  asterix  signifies  the  low 
temperature  characteristic)  curve  is  obtained.  However,  whereas  the  height  of  the 
peak  of  and  the  inversion  temperature  in  the  two  carrier  region  could  be  fitted  exactly 
the  fitting  around  the  peak  diverged  from  the  experimental  points  as  did  the  low 
temperature  (<20K)  data.  This  latter  turnover  (droop)  is  typical  of  the  presence  of 

minute  inversion  effects. 

However,  both  exact  fitting  and  the  avoidance  of  droop  at  low  temperatures  were 
achieved  in  the  third  category  involving  a  structure  of  CMT  sandwiched  between  a  CdTe 
buffer  and  cap.  J233  showed  a  well  fitted  activation  energy  of  16.5meV.  The  line  fit 
diverges  from  the  experimental  points  around  20K  vnth  an  indication  of  a  second  shallower 
ionisation  level.  The  model  has  not  taken  this  into  account.  This  will  be  considered  in 
a  later  paper.  The  divergence  of  the  fitting  curves  from  the  experimental  data  for  J203 
and  J233  shown  in  figure  1  can  be  seen  more  clearly  by  plotting  R^  versus  T,  as  in 

figure  2.  The  fit  parameters  used  for  these  curves  arc  shown  in  the  figure  captions. 

Sensitivity  of  fitting  parameters 

Before  discussing  the  low  x  material,  it  is  appropriate  to  note  the  role  of  x  and  n| 
on  the  sensitivity  to  fitting  the  data.  The  equations  for  deriving  nj  arc  empirical 
equations  in  alloy  composition  (x)  and  temperature  (T).  They  are  derived  for  a  generally 
limited  range  of  alloy  composition.  The  various  equations  are  in  good  general  agreement 
but  not  exact  agreement.  The  variation  of  nj  with  T  is  shown  in  figure  3  for  Schmit  (5) 
and  Hansen  and  Schmit  (6)  and  Nemirovsky  and  Finkman  (7). 


T emp  <  K ) 


Plots  of  the  energy  gap  Eg  (eV)  versus  temperature.  The  dashed  line  is  ref 
(5),  the  full  line  is  ref  (6)  and  the  dotted  line  ref  (7) 


Fig.  3: 


C  c  ) 
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Plots  of  intrinsic  number  nj  (x=0.2)  versus  temperature.  The  dashed  line  is  ref 
(7),  the  full  line  is  ref  (6),  the  dotted  lines  ref  (6),  x=0.l9  and  x=0.21 


Results  on  J235,  cap  and  buffer,  ■  for  R^,  negative,  ♦  for  R„  positive.  The 
full  line  is  a  fit  at  x=0.n2,  b=60,  E^=  9.5meV.  Na=2xl0''.  the  dotted  line 


models  x=0.I7I,  b=70,  Ej=l<»meV, 
Bn  in  ref  (8)  substituted  in  ref  (6) 


Ng=2xl0’'  and 


using  a  modified  Oj  using 
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A  dominant  term  in  the  expression  for  n|  is  exp(-Eg/2kT),  Eg  being  derived  as 
f(x,T)  in  a  similar  empirical  manner.  The  overall  trend  (see  figure  4)  is  towards  lower 
Eg  for  a  given  x  and  for  Eg  to  decrease  more  rapidly  at  low  temperatures.  Consequently 
the  values  for  nj  are  increasing,  especially  at  low  temperatures.  These  higher  nj  values  at 
low  temperatures  could  explain  the  double  sign  change  results  seen  in  low  x  material 
discussed  in  the  next  section. 

Behaviour  of  low  x  CMT 


In  cases  of  low  x  and  fairly  low  p  CMT  the  fitting  parameters  x  (n|)  and  b  can  be 
particularly  significant  at  low  temperatures.  This  behaviour  can  be  seen  in  figure  5  which 
shows  the  Hall  data  for  J235,  together  with  two  fitting  curves  differing  only  by  small 

changes  of  the  fitting  parameters  as  given  in  the  figure  caption. 

If  nj  is  below  50 *K  then  the  number  of  electrons  can  be  comparable  with 

the  number  of  holes  (reducing  due  to  freeze  out)  and  if  p  <nb^  then  a  second  low 
temperature  sign  change  in  R^,  that  is  from  p  to  n.  can  occur,  as  seen  in  the  dotted 
curve.  This  sign  change,  which  is  frequently  seen  experimentally  in  low  x  material,  is  not 

a  function  of  two  layer  effects  but  results  from  the  intrinsic  fitting  parameters.  An 

extrapolation  of  the  effect  is  that  low  x  and  low  p^type  material  will  only  give  rise  to 
Hall  coefficients  that  are  negative  across  the  whole  temperature  range. 

CONCLUSIONS 

Inversion-like  behaviour  resulting  from  surface  and  interface  effects  during  the 
measurement  of  the  electrical  properties  of  p-type*  CMT  can  be  avoided  by  the  use  of 
CdTe  buffers  and  caps.  Using  this  procedure  it  should  be  possible  to  more  accurately 
determine  nj  and  assess  the  various  fundamental  transport  parameters  for  CMT.  Inversion 

behaviour  in  low  x  low  p-type  CMT  may  not  necessarily  be  due  to  interface  or  surface 

effects  but  can  be  due  to  intrinsic  behaviour. 

/^knovledgenents :  Miss  D  Jones  is  thanked  for  technical  assistance  with  layer 
growth  and  Dr  A  M  White  for  helpful  discussic»ns  on  modelling. 
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ABSTRACT 

A  single-and  multilayer  growth  model  is  presented.  Surface  order-disorder  transitions  are 
studied  with  the  entropy  calculated  in  the  Bragg-William  approximation  and  in  the  quasi¬ 
chemical  approximation.  A  plausible  explanation  for  high-quality  growth  obtained  with  energy- 
assistance  is  given.  The  model  nas  been  extended  to  study  low-temperature  epitaxial  growth  of 
HgTe  and  CdTe  on  different  surfaces.  The  relevant  surface  energies  are  evaluated  in  a  Green's 
function  approach. 

INTRODUCTION 

The  theory  of  surface  order  of  solids  is  essential  to  an  understanding  of  their  growth 
properties.  The  mechanisms  dominating  surface  order  depend  on  a  number  of  factors,  including 
the  crystal  orientation,  substrate  temperature,  and  growth  method.  The  atoms  arriving  at  a 
growing  surface  interact  both  with  the  underlying  surface  and  with  one  another.  Their  mutual 
interactions  may  cause  them  to  undergo  an  order-disorder  transition  from  a  “rough”  to  a 
“smooth”  (or  ordered  surface)  or  from  a  “rough”  to  a  “superlattice”  (SL)  surface.  In  the  smooth 
limit,  the  newly  arriving  atoms  tend  to  cluster  into  islands;  in  the  disordered  state,  the  atoms  tend 
to  be  randomly  distributed  (IJ,  and  in  the  SL-ordered  state,  the  atoms  and  vacancies  on  the 
surface  form  long-ranged  ordered  patterns.  For  a  half-filled  cubic  surface,  for  example,  one  SL 
pattern  is  a  checkerboard  arrangement  of  atoms  on  the  available  sites.  The  temperature  that 
characterizes  the  transition  from  smooth  to  rough  surface  is  called  surface  roughness  transition 
temperature,  Tj.  When  the  growth  temperature  T  is  smaller  than  T^,  the  surface  will  be  smooth. 
The  growth  rates  and  crystal  quality  are  expected  to  differ  in  these  two  limits. 

The  rough-to-smooth  transition  occurs  when  the  effective  interaction  between  surface  atoms 
is  attractive,  while  the  rough-to-SL  transition  is  a  consequence  of  repulsive  surface  atom-atom 
interactions.  Because  repulsive  interactions  among  surface  atoms  have  not  been  previously 
considered  to  be  realistic,  this  type  of  order-disorder  transition  on  the  surface  has  not  been  treated 
extensively  in  the  literature. 

In  this  paper,  we  first  study  the  surface  roughness  for  a  cubic  lattice  by  obtaining  the  surface 
entropy  contribution  to  the  change  in  free  energy  in  a  random  approximation  [also  called  Bragg- 
Williams  approximation  (BWA)],  and  in  the  quasichemical  approximation  (QCA)  with  pair 
interactions.  Based  on  the  difference  between  their  predictions,  we  suggest  a  plausible 
explanation  for  better  quality  growth  obtained  with  energy  assistance.  The  surface  roughness 
model  is  then  extended  to  study  the  surfaces  of  realistic  semiconductors — HgTe  and  CdTe — 
grown  by  atomic  layer  epitaxy  (ALE)  and  by  molecular  beam  epitaxy  (MBE).  The  transition 
temperatures  and  surface  roughness  for  growth  in  various  orientations  are  given. 

SURFACE  ROUGHNESS  THEORY 

Because  of  space  limitations,  the  approach  will  be  discussed  in  brief;  the  details  can  be 
found  in  the  literature  for  the  single-layer  growth  model  with  BWA  f  1  ]  and  for  multilayer  growth 
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model  with  QCA  [2].  We  begin  by  considering  a  monatomic  cubic  solid  grown  from  a  (UX))- 
oriented  seed  with  a  smooth  crystal  surface.  The  change  in  enthalpy  and  entropy  are  calculated 
to  obtain  the  change  in  free  energy.  The  most  probable  configuration  is  obtained  by  minimizing 
the  free  energy.  The  atoms  arriving  at  the  surface  make  one  bond  each  with  the  layer  below  and 
above,  and  four  in-plane  surface  bonds. 

In  the  multilayer  growth  model  with  QCA,  we  first  identify  all  distinct  classes  of  pairs  that 
contribute  to  the  free  energy.  Secondly,  we  write  the  probability  for  occurence  of  each  type  of 
pair.  Then,  using  appropriate  factors  for  indistinguishability  of  pairs,  the  entropy  for  different 
layers  is  written  with  appropriate  constraints.  The  free  energy  is  then  minimized  to  obtain  the 
most  probable  pair  distribution.  In  this  multilayer  model,  an  atomic  site  in  any  upper  layer  is 
allowed  to  be  occupied,  even  if  the  site  immediately  below  it  is  not  occupied.  In  other  words, 
“over-hangs”  are  permitted.  Although  these  configurations  are  energetically  less  favorable,  they 
contribute  to  the  entropy,  and  thus  should  be  included  in  the  free  energy.  Ir>.  this  model,  we  have 
four  types  of  pairs:  atom-atom,  atom-vacancy,  vacancy-atom,  and  vacancy-vacancy.  For  each 
layer,  there  are  nine  variables  (four  interlayer  pairs,  four  intralayer  pairs,  and  one  layer 
concentration)  and  six  constraints  relating  them.  The  minimization  of  free  energy  in  two  of  the 
remaining  three  variables  can  be  carried  out  analytically.  The  numerical  minimization  in  the 
remaining  one  variable  is  then  carried  out.  The  temperature  at  which  the  second  derivative  of  the 
free  energy  vanishes  for  the  surface  coverage  of  0.5  gives  the  transition  temperature,  T^. 

The  calculated  layer  concentrations  in  the  three-layer  growth  model  are  shown  in  Figure  1 
as  a  function  of  surface  coverage  averaged  over  three  layers  for  three  growth  temperatures  T] ,  T^. 
and  T2  (Ti  <  Tc  <  "^2)  by  thick-dashed,  dashed,  and  solid  lines,  respectively.  The  index  on  the 
curves  represent  the  layer  number.  At  x  =  1,  3N  atoms  have  been  added  to  the  surface,  where  N 
is  the  number  of  sites  per  layer.  In  this  convention.  Layer  1  is  immediately  above  the  seed 
surface.  We  note  that  at  growth  temperatures  near  and  above  T^,  all  three  layers  grow 
simultaneously,  but  with  xi  >  X2  >  X3.  However,  at  temperatures  below  T^,  the  upper  layers  do 
not  grow  until  the  lower  layers  are  nearly  full.  In  this  limit,  layer-by-layer  growth  takes  place. 

At  temperatures  well  below  T^  the  atoms  arriving  at  the  surface  cannot  move  and  imperfect 
growth  results  The  quality  of  the  growth  can  be  characterized  by  the  fraction,  yp,  of  atom-atom 
pairs  to  the  total  number  of  pairs  in  a  layer,  yp  has  been  calculated  in  the  BW.A  and  QCA. 
Figure  2  shows  that  less  perfect  growth  occurs  in  BWA  case.  However,  if  there  is  energy 
assistance,  where  photons  or  ions  provide  enough  energy  to  permit  the  atoms  to  move  on  the  sur¬ 
face,  then  the  QCA  entropy  is  more  appropriate  and  the  perfection  improves  (yp  increases).  The 
reason  for  the  difference  between  yp  in  these  cases  is  evident:  The  BWA  entropy  is  larger,  and 
therefore  it  emphasizes  the  drive  toward  complexity.  This  results  in  layers  at  a  given  coverage 
with  more  imperfections.  QCA,  where  the  entropy  is  smaller,  predicts  that  layers  are  more 
nearly  perfect. 

When  the  substrate  temperature  is  sufficiently  low,  the  characteristic  time  constant  for  sur¬ 
face  migration  is  larger  than  the  the  equilibration  time  for  interaction  of  the  surface  with  beam 
and  gas  (thought  of  as  a  heat  bath).  Under  these  conditions,  BWA  is  more  appropriate.  How¬ 
ever,  if  the  surface  mobility  is  enhanced  with  an  energy  assist,  the  effective  time  constant  for  the 
migration  is  reduced  (so  that  surface  equilibration  can  take  place  faster  than  equilibration  with 
beamor  gas  bath),  then  the  QCA  is  more  appropriate.  This  is  a  plausible  explanation  for  high 
quality  obtained  in  energy-assisted  epitaxial  experiments  (3,4),  The  energy  assist  in  these  experi¬ 
ments  is  sufficient  to  allow  the  needed  surface  mobility. 
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Fig  1  Layer  coverage  as  a  function  Fig.  2.  Variation  ot  y^  with  average  coverage 

of  average  coverage. 

ENERGETICS  AI.T)  GROWTH  MODEL  FOR  SEMICONDUCTORS 

The  model  described  in  the  previous  section  has  been  generalized  to  the  case  of  diamond 
and  zinc  blende  lattices.  Also,  the  energies  of  interaction  between  pairs  on  the  surface  and  that 
between  layers  has  been  evaluated,  using  a  Green's  function  approach.  We  calculate  the  energy 
to  remove  the  atoms  from  nearly  empty  surfaces,  referred  as  the  dilute  case,  and  that  to  remove 
the  atoms  from  nearly  full  surfaces,  referred  as  concentrated  case  (5).  The  respective  energies 
are  denoted  Ej  and  E^.  The  calculations  were  carried  out  for  the  removal  of  anions  and  cations 
from  various  orientations  of  Si,  GaAs,  CdTe,  and  HgTe.  The  details  of  these  calculations  will  be 
published  elsewhere  [5],  We  report  only  HgTe  and  CdTe  results  here. 

In  the  single-layer  growth  model,  we  consider  three  kinds  of  pairs:  namely,  atom-atom, 
atom-vacancy,  and  vacancy-vacancy  and  their  respective  energies  E^^,  E^^,  and  Eyy.  The 
number  of  effective  bonds  an  atom  makes  to  the  substrate,  Tjg,  and  the  number  of  surface  bonds, 
Ti]  must  also  be  specified.  The  free  energy  and  the  surface-pair  populations  are  obtained  from 
the  effective  energy  E^ff,  given  by  (Egy  -  (Eaa+Eyy)/2).  Without  calculating  E^a,  Eav,  or  Eyy,  we 
can  find  E^ff  from  the  difference  of  calculated  E,.  and  Ej,  and  111  from  Table  1.  In  our 
convention,  a  negative  Egff  indicates  an  attractive  inieraction  between  surface  atoms. 

In  atomic  layer  epitaxy,  grown  from  a  free  atom  vapor  phase,  only  one  type  of  atom  species 
(anion  or  cation)  is  present  at  a  given  time,  and  the  growth  is  necessarily  layer  by  layer.  The 
single-layer  model  developed  in  the  previous  section  can  be  applied  to  study  HgTe  and  CdTe 
with  the  calculated  pair  energies.  QCA  is  is  used  in  the  evaluation  of  surface  entropies.  When 
the  pair  interaction  is  attractive,  the  smooth-to-rough  transition  takes  place,  as  the  growth 
temperature  is  varied  near  T;..  However,  when  the  pair  interaction  is  repulsive,  the  surface  is 
either  rough  or  the  atoms  are  in  a  SL  arrangement  with  vacancies.  Then  the  order-disorder 
transition  takes  place  near  a  different  1^.  The  preferred  ordered  SL  arrangements  are 
composition-dependent;  however,  in  regions  of  ordering,  the  surface  will  be  arranged  to 
maximize  the  number  of  atom-vacancy  pairs.  Calculated  values  of  T(,  are  given  for  growth  of 
HgTe  and  CdTe  in  (1 1 1)  and  (100)  directions  in  Table  I. 
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Table  I.  Extraction  energies  and  critical  temperatures. 


CdTe 

HgTe 

Atom/ 

Ed 

Ec 

Tc 

Ed 

Ec 

Tc 

Surface 

Layer 

fio 

ni 

leVl 

|eV| 

IK] 

leVj 

[eV] 

[Kj 

(IIDA 

a 

1 

6 

3.9 

4.2 

710 

1.8 

3.8 

4700 

c 

3 

6 

2.7 

0.6 

5000* 

-0.3 

1.1 

33(X) 

{111)B 

a 

3 

6 

5.2 

2.1 

7400* 

2.8 

2.8 

0 

c 

1 

6 

2.2 

1.3 

2100* 

-0.2 

0.3 

1200 

(100) 

a 

2 

4 

5.0 

2.6 

5000* 

2.4 

3.1 

1 500 

c 

2 

4 

2.1 

0.1 

4200* 

-4),2 

10 

2500 

In  our  calculation,  the  pair  interaction  is  always  attractive  in  HgTe  and  the  temperatures 
shown  in  Table  I  indicate  T^  for  the  rough-to-smooth  transition,  Howeve the  pair  interaction  is 
repulsive  for  CdTe,  except  for  the  growth  of  a  singly  bonded  anion  layer  on  the  (1 1 1)B  surface. 
Temperatures  denote  the  rough-SL  transition  temperatures.  Because  the  T^.  values  are  very 
large,  ALE  growth  of  HgTe  occurs  mostly  in  the  smooth  domain  limit  and  that  of  CdTe  occurs 
mostly  in  the  SL  domain  limit. 

In  layers  grown  by  MBE,  both  anion  and  cation  atoms  impinge  on  the  surface  at  the  same 
time  and  both  layers  can  grow  simultaneously.  The  way  in  which  the  layer  grow  s  depends  on  the 
flux  rates  of  the  two  constituents  and  their  respective  sticking  coefficients.  Hence,  an 
appropriately  generalized  multilayer  model  to  that  described  briefly  in  the  previous  section  is 
applicable.  For  simplicity,  we  assume  only  double-layer  growth.  The  interlayer  pair  interaction 
energies  are  obtained  from  Ej  and  tIq,  The  intralayer  pair  energies  for  each  layer  are  obtained 
from  E(.,  E(],  and  t^i.  With  the  surface  entropy  obtained  in  QCA,  the  free  energy  is  calculated  for 
various  values  of  anion  and  cation  layer  coverage.  The  effect  of  anti-site  defects  is  not  included. 

Because  of  the  repulsive  intralayer  pair  energies,  CdTe  surface  is  expected  to  grow  in  SL 
domains.  Hence,  in  addition  to  random  distributions  considered  here,  one  must  consider  all 
ordered  configurations  for  a  given  concentration.  This  case  is  being  studied  in  detail  and  will  not 
be  presented  here.  However,  the  interlayer  and  intralayer  pair  interactions  in  HgTe  are  attractive, 
so  the  double-layer  growth  model  applies  to  this  system. 

When  the  minima  in  the  free  energy  at  a  given  temperature  occur  near  0  and  1,  islands  are 
formed  on  the  surface  that  are  nearly  fully  occupied  and  the  remainder  of  the  area  is  nearly 
empty.  As  the  surface  coverage  is  increased,  the  islands  grow  in  size  with  a  fixed  vacancy  con¬ 
centration  until  the  layer  is  fully  grown.  The  vacancies  fill  only  at  the  end  of  the  layer  growth; 
then  the  formation  of  the  next  layer  takes  place.  These  events  are  calculated  by  examining  a 
sequence  of  equilibrium  arrangements.  Realistically,  kinetic  effects  will  prevent  all  vacancies 
from  filling  in  one  layer  before  the  start  of  the  next  layer.  Thus,  we  expect  that  island  growth — 
where  the  vacancy  concentrations  arc  low — is  likely  to  correlate  with  high-quality  material. 
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Sequential  double-layer  growth  is  predicted  to  be  the  case  for  HgTe,  for  example,  in  (1 1 1)A 
diicction.  In  this  case,  at  ISS'C  we  predict  smooth  growth  in  ALE  for  both  Hg  and  Te  layers, 
and  in  either  Hg  or  Te  stabilized  MBE  growth  161  we  also  predict  smooth  layer  growth  At  this 
same  temperature  on  the  (1 11)B  surface  in  ALE  we  find  smooth  growth  for  the  Hg  layer,  but 
rough  growth  for  the  Te.  Moreover,  in  this  particular  case,  we  find  Te-slabilized  MBE  growth  to 
be  smooth,  and  Hg-stabilized  MBE  growth  to  be  rough.  In  principle,  it  is  possible  to  find  situa¬ 
tions  and  temperatures  where  in  ALE  one  layer  grows  smooth  and  the  other  rough,  and  in  MBE 
the  layers  grow  rough  for  both  stabilizations.  This  provides  a  rationale  for  the  sensitivity  of 
material  quality  to  stabilization  type,  and  temperature. 

CONCLUSION 

We  have  calculated  the  excess  free  energy  of  the  surfaces  for  addition  of  several  layers  of 
atoms.  The  surface  energies  that  enter  the  statistical  mechanics  are  found  in  a  Green's  function 
approach.  The  entropy  calculation  employs  a  surface  modification  of  QCA.  While  the  calcula¬ 
tion  only  finds  the  equilibriur  arrangement  of  atoms  for  specified  surface  coverages,  given  rea¬ 
sonable  speculations  about  kinetic  effects,  we  can  appreciate  how  energy  assist  functions,  in 
principle,  to  improve  the  quality  of  epitaxial  layers;  the  phenomenology  dominating  HgTe 
growth  for  different  orientations;  and  reasons  to  expect  differences  between  the  MBE  growth 
habhs  of  CdTe  and  HgTe. 
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ABSTRACT 

Synchrotron  radiation  photoemission  studies  of  ultra-thin  Yb 
diffusion  barriers  at  the  interface  between  Mercury- 
Cadmium-Telluride  semiconductors  and  Ag  overlayers  show  that  the 
interlayers  act  as  effective  diffusion  barrier  only  after 
thicknesses  of  10-15  A  are  reached.  Studies  ot  interlayer 
morphoiogy  by  means  of  photoemission  from  physisorbed  Xe  indicate 
that  effective  diffusion  barriers  are  consistent  with  a  todel  in 
which  a  continous  Yb-Te  reacted  layer  is  covered  by  an  Yb-rich 
layer  witl.  high  alloying  enthalpy  for  Ht. 


INTRODUCTION 

Me  r cu r y-Cadmium-Te 1 1 u r ide  (MCT)  is  a  pseudobinary 
semiconducting  alloy  extensively  used  in  h  i-performance  infrared 
detectors.  Processing  of  this  material  is  complicated  by  its  low 
stability,  resulting,  for  example,  in  Hg  less  from  the  interface 
region  during  contact  fabrication.  Our  recent  experiments^”-  have 
demonstrated  that  thin  (3-18  A)  Yb  interlayers  can  be  used  as 
effective  diffusion  barriers  at  junctions  between  MCT  and  reactive 
metals  such  as  All”-,  In^,  and  Cr^,  with  corresponding  decrease  in 
atomic  interdiffusion,  overlayer  metal-Te  reaction,  and  associated 
Hg-depletion  of  the  MCT  surface.  We  have  prooosedi'^  that  the 
diffusion  bar-ier  effect  deriv  s  from  the  superior  thermodynamic 
stability  of  the  MCT/Yb  reaction  products  relative  tc  the 
MCT/over layer  metal  reaction  products,  based  on  the  high 
Yb-telluride  formation  enthalpy^  and  on  the  ca Iculated^ ” ^ - 
alloying  enthalpie.  of  Hg  and  Cd  in  the  Yb  overlayer. 

Unlike  the  reactive  metals  we  have  studied  earlier^”^,  Ag 
exhibits  reactive  behavior  on  the  MCT  surface  that  is  dominated  by 
long-range  Ag  i..,!iffusion  into  the  MCT  lattice  via  Hg  vacancies®"^, 
rather  than  by  a  Hg-depleting  Ag-Te  reaction.  The  unusual 
diffusive  behavior  of  Ag  on  the  MCT  surface  makes  MCT/Ag  junctions 
an  interesting  test  case  for  diffusion  b'rrier.s.  We  conducted 
synchrotron  raliation  photoemission  studies  of  MCT/Ag  junctions  in 
the  presence  of  Yb  interlayers  of  various  thicknesses.  We  observed  a 
non-monotonic  coverage  dependence  of  the  diffusion  barrier  effect 
on  Yb  thickness.  Thin  barriers  (Yb  coverage  3-5  A)  are  on^y 
partially  effective  at  hindering  Ag  indiffusion,  intermediate 
thicknesses  (8  A)  initially  worl  but  fail  suddenly  at  high  Ag 
cove*  ages,  while  Yb  interlayers  of  10-15  A  thickne.ss  behave  as 
idea»  diffusion  barriers.  To  explain  the  striking  non-monotonic  Yb 
cov  raye-dependence  of  the  diffusion  barrier  effect,  we  have 
conducted  studies  of  the  coverage  dependence  of  the  interlayer 
morphology  by  means  of  photoemission  from  physisorbed  Xe .  To  our 
knowledge  this  is  the  first  application  of  this  technique  to  the 
study  of  semiconductor  metallizations. 
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EXPERIMENTAL  DETAILS 

The  experiments  were  conducted  using  photons  frc.n  the 
Aladdin  1  GeV  electron  storage  ring,  monochromat ized  by  3m  or  6m 
toroidal  grating  monochromators,  i-tth  overall  experimental 
resolution  of  0.15  to  0.25  eV.  Single-crystal  posts  of  p-type 
Hgo  7  .  22'^®  3x3x10  mm^  in  size  were  cleaved  in-situ  to  expose 
(110)  surfaces.  Metal  depositions  were  performed  in-situ  by 
thermal  evaporation  from  W  coils,  with  metal  coverage  6monitored 
by  a  quartz  thicifness  monitor.  The  spectrometer  operating  pressure 
was  in  the  low  Torr  range,  while  pressure  during  metal 
evaporation  remained  below  2  x  lO'i'^  Torr.  At  each  metal  coverage 
data  were  recorded  at  room  temperature,  and  after  cooling  at  35K. 
Exposure  to  2L  of  Xe,  corresponding  to  submonolayer  Xe  coverages, 
were  performed  in  situ. 


RESULTS  AND  DISCUSSION 

In  Fig.  1  we  present  the  integrated  Te  4d  core  emission 
intensity  from  MCT/Ag  junctions  as  a  function  of  Ag  coverage  in  A, 
normalized  to  the  clean-surface  Te  4d  emission,  in  the  presence  of 
Yb  interlayers  ranging  from  0  A  (no  interlayer)  to  15  A.  When  no 
interlayer  is  present  (solid  circles),  the  Te  4d  intensity 
decreases  slowly  with  Ag  deposition,  retaining  80  %  of  the  initial 
surface  intensity  even  after  deposition  of  150  A  of  Ag .  The  slow 
attenuation  of  the  Te  4d  signal  reflects  long-range  indiffusion  of 
Ag  into  the  MCT  lattice®"^,  with  relatively  little  Ag  accumulating 
at  the  surface,  when  thin  Yb  interlayers  (3  and  6  A,  shown 
respectively  by  solid  triangles  and  squares)  are  present  at  the 
.MCT/Ag  interface,  relatively  little  difference  is  observed  in  the 
Te  4d  intensity  coverage  dependence  relative  to  the  no-interlayer 
case.  Prior  to  Ag  deposition,  the  Te  4d  signal  was  reduced  to 
about  75  %  of  the  clean-surface  value,  as  a  result  of  Yb 
deposition;  even  after  deposition  o-^  200  A  Ag,  the  Te  4d  signal 
retains  70  %  of  its  cleaved-surface  intensity.  We  conclude  that  in 
this  Yb  coverage  range  the  interlayers  do  not  play  the  role  of 
effective  diffusion  barriers. 

For  thicl<er  Yb  interlayers  (10  and  15  A,  indicated 
respectively  by  open  triangles  and  squares),  the  general  trend  in 
Fig.  1  is  a  nearly  exponential  decrease  in  Te  4d  signal  as  a 
function  of  Ag  coverage.  By  100  A  Ag  coverage,  the  Te  4d  signal 
has  been  reduced  below  our  detection  liir..  . .  This,  together  with 
data  for  the  Ag  4d  emission  that  cannot  be  presented  liere  due  to 
space  limit  at  ions^  1 ,  demonstrates  that  in  this  Yb  coverage  range 
the  interlayer  is  remar)cably  effective  at  reducing  Ag  indiffusion 
11.  Yb  interlayers  of  8  A  thic)rness  (shown  by  open  circles)  induce 
an  intriguing  non-monotonic  MCT/Ag  junction  behavior.  As  indicated 
in  Fig.  1,  the  Te  4d  attenuation  rate  is  initially  similar  to  that 
observed  in  the  presence  of  thic)r  Yb  interlayers.  However,  at  a  Ag 
coverage  of  approximately  20  A,  the  attenuation  rate  decreases  and 
becomes  similar  to  that  observed  in  the  presence  of  thin  Yb 
interlayers.  This,  together  with  data  for  the  Ag  4d  emission 
intensity,  indicate  that  in  this  Yb  coverage  range  the  Yb 
interlayer  hinders  Ag  indiffusion  at  low  Ag  coverages,  but  "fails" 
abruptly  at  higher  coverages. 

The  effect  of  Yb  interlayers  on  Ag  indiffusion  can  be 
understood  by  malring  a  detailed  microscopic  examination  of  the 
interlayer  ii.orphology  as  a  function  of  Yb  coverage.  We 
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accomplished  this  by  the  rhotoemission  of  Adsorbed  Xenon 
technique®'!*',  which  is  used  here  for  the  first  time  to  monitor 
metallization  of  a  semiconductor.  The  PAX  technique  exploits  the 
fact  that  the  vacuum  level  of  a  Xe  film  condensed  on  a  metal  or 
semiconductor  will  align  with  the  vacuum  level  of  the  substrate. 
Since  the  Xe  ionization  energy  remains  constant  from  substrate  to 
substrate®,  in  photoemission  the  apparent  binding  energies  of  the 
Xe  electronic  levels  relative  to  Ef  reflects  the  local  work 
function  of  the  substrate.  For  a  spatially  inhomogeneous 
substrate,  differences  in  the  local  work  function  will  give  rise 
to  multiple  Xe  features.  The  apparent  binding  energy  of  each 
feature  gives  the  local  work  function  of  the  corresponding 
adsorption  site.  The  relative  intensity  of  the  features  give  the 
corresponding  fractional  area,  since  our  studies  indicate  that  the 
Xe  sticking  coefficent  is  constant  (within  10%)  along  the  surface. 

In  Fig.  2  we  present  photoelectron  energy  distribution 
curves  (EDO's  -  solid  circles)  for  the  Xe  'Id  core  emission 
obtained  from  MCT/Yb  junctions  formed  at  room  temperature,  cooled 
to  35  K,  and  exposed  to  2L  of  Xe .  Yb  coverages  are  given  to  the 
right  of  the  corresponding  EDC .  Xe  physisorption  on  MCT  (0  A  Yb) 
gives  rise  to  a  well-defined  Xe  4d  core  doublet,  indicating  Xe 
physisorbed  on  a  homogeneous  semiconductor  surface.  Physisorption 
on  MCT/Yb  interfaces  yields  two  Xe  4d  doublets  at  all  Yb  coverages 
below  7  A,  while  only  a  single  Xe  4d  doublet  is  observed  for  Yb 
coverages  above  7  A.  A  least  squares  fit  of  each  Xe  4d  component 
in  terms  of  a  Lorentzian  function  convoluted  with  a  Gaussian 
function  was  performed  to  deconvolve  the  two  Xe  doublets.  The 
results  are  the  Xe  4d  I  (substrate-induced)  and  4d  II 
(overlayer-induced)  doublets  shown  in  Fig.  2  (dotted  and  dashed 
line,  respectively) .  These  measurements  clearly  indicate  that  at 
all  Yb  coverages  <  7  A,  regions  of  the  bare  MCT  surface  are 
available  for  Xe  physisorption.  At  coverages  ^  7  A,  only  a 
metallic  film  of  low  work  function  relative  to  MCT  is  exposed  to 
Xe'-'-.  We  therefore  conclude  that  islands  are  present  at  all  Yb 
coverages  <  7  A,  and  that  the  islands  have  coalesced  with  the 
formation  of  a  continuous  layer  at  a  Yb  coverage  of  7  ±  1  A. 

The  PAX  measurements  described  above  allow  us  to  construct  a 
detailed  microscopic  picture  of  the  effect  of  Yb  interlayers  on  Ag 
indiffusion.  We  can  also  use  the  apparent  binding  energy  of  the  Xe 
4d  II  doublet  to  probe  the  overlayer  work  function,  and  therefore 
its  composition!!.  We  saw  in  Fig.  1  that  thin  (3-6  A)  Yb 
interlayers  had  little  effect  on  Ag  indiffusion,  as  indicated  by 
the  persistence  of  the  Te  4d  signal  at  high  Ag  coverage.  For  thin 
Yb  interlayers  (<  7  A) ,  the  interlayer  is  composed  of  islands  of 
nonmetallic,  high  work  function  Yb-Te  reaction  products'!, 
separated  by  regions  of  bare  MCT.  Upon  Ag  deposition,  the  bare  MCT 
regions  will  offer  no  barrier  to  Ag  indiffusion,  while  the  islands 
will  hinder  Ag  indiffusion.  Although  we  observe  some  increase  in 
the  Ag  concentration  at  the  surface  due  to  Ag  atoms  collecting  on 
the  islands'!,  the  Te  4d  coverage-dependence  in  Fig.  1  is 
consistent  with  minimal  reduction  in  Ag  indiffusion. 

Fig.  1  indicates  that  for  the  8  A  Yb  interlayer,  Ag 
indiffusion  is  substantially  reduced  relative  to  the  no  interlayer 
case  for  Ag  coverages  <  20  A,  while  at  higher  Ag  coverages  little 
effect  on  Ag  indiffusion  is  observed.  The  Ag  4d  emission  intensity 
displays  a  sudden  decrease  at  a  Ag  coverage  of  20  A",  consistent 
with  an  onset  of  Ag  indiffusion  at  this  coverage.  Fig.  2  indicates 
that,  at  his  Yb  coverage,  the  interlayer  consists  of  a  continuous 
Yb-Te  layer;  measurements  of  the  work  function  and  core  emission 
indicate  that  this  layer  has  little  or  no  metallic  Yb  on  top"  and 
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Fig.l.  Integrated  Te 
4d  core  emission 
intensity  (hv  =  110 
eV)  from  MCT/Ag 
junctions  with  va¬ 
rious  Yb  interlayer 
thicknesses,  norma¬ 
lized  to  the  clean 
surface  Te  4d  in- 
tensit  y . 


Fig.2.Xe  4d  emission 
from  MCT/Yb  junctions 
formed  at  room  tempera¬ 
ture,  cooled  to  35  K, 
and  exposed  to  2  L  Xe . 
Solid  circles  represent 
the  experimental  data, 
while  the  solid  line 
through  the  points  rep¬ 
resents  the  best  fit  of 
the  data  in  terms  of  two 
Gaussian-broadened  Lo- 
rentzian  lineshapes.  The 
two  individual  Xe  4d 
contributions  are  also 
shown  (dotted  and  dashed 
lines)  displaced  slight¬ 
ly  below  the  experi¬ 
mental  points.  The  ver¬ 
tical  bars  represent  the 
apparent  binding  energy 
of  the  Xe  4d5/2  levels 
for  Xe  physisorbed  on 
polycrystalline  Yb . 


Hg,  ,Cd;  ,  Te  +  Yb  +  2L  Xe  — 

Xe  4d  hv  =  130  eV  — 


Binding  tneigy  .«v. 
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that  relatively  small  amounts  of  Ag  are  able  to  diffuse  into  the 
Yb-Te  layer.  Therefore,  we  propose  that  the  "failure"  of  the  8  A 
Yb  interlayer  for  Ag  coverages  greater  than  20  A  is  related  to  Ag 
alloying  with  the  reacted  Yb-Te  layer;  at  a  Ag  coverage  of  20  A, 
the  solubility  limit  is  reached,  and  metallic  Ag  precipitates  out 
at  the  interface  where  it  is  free  to  diffuse  into  the  MCT  lattice. 

The  results  for  the  thick  (10-15  A)  Yb  interlayer  regime 
indicate  substantial  reduction  of  Ag  indiffusion  at  all  Ag 
coverages  explored,  as  shown  by  the  exponential  decrease  in  Te  4d 
signal  with  Ag  coverage.  Our  PAX  measurements  indicate  that  the 
interlayer  morphology  in  this  regime  consists  of  a  continuous 
Yb-Te  layer  covered  by  a  metallic  Yb-rich  low  work  function 
layerii.  Correspondingly,  we  find  that  in  this  Yb  coverage  range 
the  Yb  interlayers  act  as  effective  diffusion  barriers  against  Ag . 
We  propose  that  the  success  of  Yb  interlayers  in  hindering  Ag 
indiffusion  derives  from  the  formation  of  a  continuous  Yb-Te 
layer,  which  blocks  the  diffusion  pathways  for  Ag  into  the  MCT 
lattice,  as  well  as  the  formation  of  a  metallic  Yb-rich  layer  at 
the  surface,  which  may  act  to  chemically  trap  Ag  at  the  interface 
due  to  the  large  enthalpy  of  alloying  for  Ag  in  Yb  (-88  kj/mol 
Ag)  . 
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GROWTH  OF  HIGH  QUALITY  LWIR  FILMS 
BY  LIQUID  PHASE  EPITAXY 


Dipankar  Chandra 

Texjis  Instruments  Incorporated,  Dallas,  Texas  75265 
ABSTRACT 

Growth  of  long  wavelength  infra-red  mercury  cadmium  telluride  films  by  liquid 
phase  epitaxy  has  usually  yielded  films  of  inferior  electrical  properties  as  evidenced 
by  Hall  mobilities  lower  than  theoretical  v<dues  by  factors  of  5  or  more  at  77”K.  In 
addition  the  Hall  behavior  over  the  entire  temperature  range  did  not  follow  classical 
patterns.  A  systematic  series  of  investigations  was  conducted  to  improve  the  electri¬ 
cal  performance  of  these  films  by  four  methods:  i)  growth  of  HgCdZnTe  films,  where 
a  portion  of  the  cadmium  was  replaced  by  zinc,  ii)  growth  at  temperatures  >  550°C, 
iii)  growth  at  a  slow  rate  on  a  CdZnTe  substrate  following  ‘cleaning’  in  the  melt  of 
the  substrate  surface  and  iv)  doping  the  film  by  controlled  levels  of  indium.  The 
first  method  did  not  lead  to  any  improvements  in  the  Hall  behavior.  In  aiddition, 
the  films  grown  displayed  varying  dislocation  densities.  The  second  method  led  to  a 
small  but  definite  increase  in  the  yield  of  non-anonialous  or  classical  films  (5%).  The 
third  method  yielded  films  with  classical  or  non-anomalous  Hall  behavior  about  20% 
of  the  time.  The  last  method  consistently  led  to  films  with  classical  Hall  behavior. 
This  was  accomplished  with  indium  doping  levels  at  1.5x  lO’^/cm^.  Preliminary  data 
indicate  that  it  will  be  possible  to  go  to  still  lower  doping  levels  while  maintaining 
classical  Hall  behavior.  The  improvement  in  electrical  properties  of  these  epifilms 
can  be  attributed  to  the  reduction  or  elimination  of  type  inhomogeneities  known  to 
degrade  Hall  mobilities  in  films  grown  by  liquid  phase  epitaxy. 


INTRODUCTION 

An  extensive  series  of  investigations  has  been  in  progress  at  Texas  Instruments 
to  grow  high  quality  thin  films  of  mercury  cadmium  telluride.  A  prime  objective  of 
the  present  investigations  was  to  understand  the  mechanisms  limiting  LWIR  LPE 
quality  prior  to  the  initiation  of  the  present  investigations.  A  wide  survey  of  the 
data  base  revealed  the  following: 

i)  a  large  majority  of  the  n-type  epifilms  (converted  to  n-type  by  post-growth 
stoichiometric  adjustment  anneal)  displayed  Hall  mobilities  >  5  times  lower  than 
theoretically  predicted  VcJues  for  the  respective  cutoffs;  a  small  fraction  (5-10%)  did 
display  Hall  mobilities  within  50%  of  the  theoretical  mobilities, 

ii)  all  films  however  displayed  ‘anomedous’  Hall  behavior  when  the  measurements 
were  carried  out  as  functions  of  temperatures  [1]. 

Hence  ail  epifilms  displayed  deviations  from  classical  behavior,  the  latter  being  by 
far  the  most  important  deviation.  Two  important  related  observations  Me:  a)  the 
‘anomalous’  behavior  is  not  a  ‘skin’  effect;  progressive  removal  of  the  surface  did  not 
remove  the  emomalous  behavior,  b)  it  also  could  not  be  related  to  possible  ‘absorp¬ 
tion’  of  impurities  by  the  ‘misfit’  dislocation  band  neM  the  epi-substrate  interface, 
removal  of  the  substrate  and  the  misfit  band  and  placing  the  Hall  contacts  on  the 
bMkside  of  the  film  did  not  remove  the  anomalous  behavior  [2].  The  anomalous 
behavior  appears  to  exist  throughout  the  bulk  of  the  epifilm.  "The  observed  behav¬ 
ior,  therefore,  is  consistent  with  the  model  where  a  three  dimensional  network  of 
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interconnected  p-type  regions  W2is  assumed  within  a  n-type  matrix  [1].  This  model 
requires  the  least  number  of  unlikely  assumptions. 

The  Hall  behavior  of  the  LPE  thin  films  therefore  was  different  from  the  obser¬ 
vations  made  on  ‘bulk’  samples  grown  by  the  solid  state  recrystallization  technique. 
For  tlie  latter,  a  ‘cl2>ssical’  variation  of  Hall  mobility  with  temperature  was  observed 
with  a  significant  yield  when  the  post-growth  smnealing  treatments  were  appropriate 
[3]. 


EXPERIMENTAL  PROCEDURES 

The  films  were  grown  by  liquid  phase  epitaxy  on  lattice  matched  CdZnTe  sub¬ 
strates  from  tellurium  rich  melts  following  the  dipping  method  [4].  Various  average 
growth  rates  were  employed.  It  was  possible  to  alter  the  average  growth  rate  by 
employing  either  one  or  both  of  the  following  techniques: 

i)  changing  the  temperature  ‘cool-down’  rate  during  actual  growth, 

ii)  changing  the  temperature  profile  imposed  on  the  melt.  The  latter  was  accom¬ 
plished  by  installing  a  small  ‘compensating’  heating  coil  over  the  existing  heating 
elements  of  the  furnace.  The  shape  of  the  temperature  profile  could  be  changed  by 
large  degrees  by  altering  the  power  input  into  the  compensating  coil.  For  growth 
to  occur,  the  temperature  gradient  needed  to  be  positive  (colder  above).  For  neg¬ 
ative  temperature  gradients  (hotter  above),  not  only  no  growth  was  recorded,  but 
a  slow  dissolution  of  the  substrate  (etchback)  started.  Hence  it  was  possible,  not 
only  to  control  the  growth  rate  with  a  degree  of  precision  using  this  method,  but 
also  to  ‘etchback’  the  substrate  even  at  temperatures  nominally  below  the  liquidus! 
Detailed  description  and  analysis  of  this  procedure  will  be  discussed  elsewhere  [5]. 

The  average  growth  rate  was  observed  to  be  the  single  most  important  parauneter 
controlling  the  degree  of  melt  inclusions  in  the  films  grown.  Onset  of  constitutional 
supercooling  at  growth  rates  above  a  ‘critical’  rate,  leading  to  a  bre^lkdown  of  the 
melt-solid  interface,  was  the  primeuy  cause  of  inclusion  incorporation.  Note  that  sub¬ 
strate  misorientations  exceeding  0.5°  will  lead  to  poor  surface,  which  might  worsen 
the  problem  of  melt  inclusions.  The  following  separate  series  of  investigations  were 
performed: 

1)  Growth  of  HgCdZnTe:  Elemental  zinc  was  eidded  to  the  melt.  Segregation 
coefficients  controlling  zinc  upteike  by  the  films  were  determined  from  the  present 
series  of  investigations  and  have  been  reported  elsewhere  [6]. 

2)  The  films  were  grown  between  two  widely  separated  temperature  regimes: 
i)  between  450  and  500°C  and  ii)  between  540  amd  590'’C.  For  the  latter  group 
of  experiments,  the  Hg  reservoir  needed  to  be  maintained  at  or  above  the  normal 
(atmospheric)  boiling  point  of  mercury.  Heavy  refluxing  of  mercury  took  place  diuing 
these  studies;  these  experiments  pushed  the  operating  temperature  limits  of  the 
dipping  reactors. 

3)  Slow  growth  following  heavy  etchback:  Etchback  of  the  substrates  was  per¬ 
formed  by  dipping  the  substrate  in  the  melt  at  temperatures  25-30°C  above  the 
liquidus  for  varying  lengths  of  time.  Following  the  etchback,  the  melt  was  reequilib- 
riated  and  the  epigrowth  performed  by  equilibrium  cooling. 

4)  Extrinsic  Doping:  This  method  was  used  to  eliminate  the  p-type  micro¬ 
inclusions  [1]  without  necessarily  eliminating  the  inhomogeneous  distribution  of  the 
impurities  themselves.  Both  indium  and  gallium  have  been  used.  The  doping  w^ls 
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performed  by  first  doping  the  melt. 

RESULTS  AND  DISCUSSIONS 

A.  Undoped  Films: 

The  growth  and  treatment  procedures  developed  permitted  control  over  a  wide 
range  of  microstnictural  properties. 

Hall  behavior:  These  were  measured  for  a  large  number  of  samples.  A  wide 
variation  in  the  77°K  Hall  behavior  was  observed.  The  Hall  mobility  at  77”K  var¬ 
ied  between  1x10^  and  1.8xlO®cm^/Vxsec  (Figure  1).  No  measurable  correlation 
could  be  established  between  growth  parameters  and  the  H^dl  behavior  observed. 
Post  growth  ainnealing  at  temperatures  as  low  as  200‘’C  did  not  appear  to  influ¬ 
ence  this  behavior.  The  only  measurable  correlation  possible  to  be  established  was 
the  relationship  between  incompletely  annealed  and  completely  annealed  films.  In  a 
number  of  instances,  the  films  switched  completely  from  n-type  to  p-type  on  comple¬ 
tion  of  annealing.  Completion  of  annealing  for  the  LPE  films  refers  to  the  completion 
of  annihilation  of  tellurium  precipitates  by  the  in-diffusing  mercury,  similar  to  the 
mechanism  observed  for  bulk  mercury  cadmium  telluride  (7). 

In  attempts  to  establish  some  correlation  between  microstructuTcd  properties, 
growth  parcimeters  and  electrical  results.  Hall  data  were  obtained  over  the  entire 
temperature  range.  Immediately,  two  groups  of  films  were  observed.  The  overwhelm¬ 
ing  majority  consisted  of  films  where  the  variation  of  mobility  with  temperature  was 
not  ‘clcissical’.  In  general  the  mobility  reached  a  maximum  value  Eiround  77®K  £md 
decreased  with  decreasing  temperature.  The  height  of  the  maximum  or  the  ‘peak’ 
varied  from  film  to  film.  Two  examples  of  this  behavior  are  given  in  Figure  1,  in 
agreement  with  the  general  behavior  referred  to  and  modelled  by  Chen  et.  al  (1). 
These  films  can  be  classified  as  ‘smomalous’  films.  The  Hall  behavior  caa  be  in¬ 
terpreted  as  arising  from  an  interconnected  network  of  p-type  regions  existing  in  a 
n-type  matrix  (Figure  5  in  Ref.  [1]).  The  relative  volume  of  the  p-type  regions  will  be 
significant  in  determining  the  magnitudes  of  the  mobility  values,  though  the  genered 
shape  will  all  be  similar  to  the  examples  shown  (Figure  1).  An  inhomogeneity  in  type 
across  the  film  therefore  is  responsible  for  this  type  of  behavior.  Note  that  since  the 
effect  arises  from  a  ‘three  dimensional’  network,  and  not  a  skin,  no  2unount  of  surfeure 
removal  and/or  surface  prepeiration  will  eliminate  the  inhomogeneity.  This  hats  been 
confirmed  during  the  present  investigations.  Differential  HeJl  measurements,  that  is 
repeated  removal  of  surface  did  not  lead  to  suiy  change  in  the  basic  shape  displayed 
in  Figure  1,  though  the  magnitudes  of  mobility  v^dues  within  the  respective  segments 
varied.  These  results  add  to  the  earlier  data  referred  to  above. 

A  sm^lll  minority  of  films  however  displayed  ‘classical’  behavior  (Figure  1).  Ho¬ 
mogeneity  in  type  therefore  was  achieved  for  these  instances. 

To  decrease  the  yield  of  these  ‘anomalous’  films  two  separate  avenues  were  ex¬ 
plored:  i)  variation  in  growth  psirameters,  ii)  addition  of  substituents  or  dopants. 

Variation  in  growth  pcirameters:  The  parameters  which  were  varied  were  i) 
growth  rate,  ii)  etchback  time  of  the  substrate  prior  to  growth,  iii)  film  thickness 
and  iv)  temperature  of  growth. 

Growth  rate:  As  discussed  above,  the  average  growth  rate  alone  appeared  to 
control  the  degree  of  melt  inclusions.  Figure  2  shows  the  number  of  melt  inclusions 
as  a  function  of  average  growth  rate.  Below  a  ‘criticaJ’  rate  the  density  of  melt 
inclusions  appeared  to  be  virtually  zero.  Elimination  of  melt  inclusions  virtually 
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eliminated  the  incidence  of  p-type  films,  but  still  did  not  lead  to  the  growth  of  films 
which  displayed  ‘classical’  behavior  following  stoichiometric  adjustment  jumeed. 

Etchback  time:  The  etchback  time  of  the  substrate  in  the  melt  immediately 
prior  to  growth  appeared  to  significantly  affect  the  electrical  behavior.  Increasing 
the  etchback  time  incre2ised  the  yield  of  near-classical  or  classical  films,  but  it  re2«;hed 
a  plateau  between  15  and  25%  for  etchback  times  higher  them  120  seconds  (Figme 
3).  Etchbacks  higher  than  350  seconds  began  to  degrade  the  surface  quality  even 
with  rotation. 

Film  Thickness:  A  distinct  correlation  between  Hall  behavior  and  film  thickness 
was  not  observed. 

Growth  temperature;  The  yield  of  classical  or  near-classiceJ  films  displayed  smedl 
but  definite  increase  on  raising  the  growth  temperature  from  480  to  550°C.  Combin¬ 
ing  the  high  growth  temperature  with  heavy  etchbaudc  increased  the  yield  of  near- 
classical  films  to  25-30%.  However,  growth  at  these  temperatures  degraded  the 
surface  quality  due  to  rapid  Hg  droplet  formation  either  just  prior  to  insertion  of 
the  substrates  into  the  melt  or  immediately  after  removal  from  the  melt  following 
growth. 

B.  Doped  Films: 

Addition  of  dopants:  Drastic  increeises  in  yield  of  classical  films  was  observed 
when  a  substrate  etchback  of  approximately  120  seconds  was  conibined  with  the 
use  of  either  indium  or  gallium  as  a  dopemt.  Figure  4  demonstrates  the  increase  in 
yield  with  indium  doping,  more  than  80%  of  the  films  converting  to  classical  hall 
behavior  with  indium  doping  levek  at  <  5xl0'^/cm*.  Approximately  half  of  the  films 
yielded  classical  Hall  behavior  with  indium  doping  levels  at  2xl0'^/cm’.  Recent 
data  indicate  that  a  significant  yield  of  classicid  films  will  be  obtained  even  with 
lower  indium  doping  levels,  at  approximate  IxlO'^/cm’.  The  segregation  coefficient 
controlling  indium  incorporation  from  the  melt  was  measured  during  the  present 
investigations  amd  shown  in  Figure  5.  With  increasing  indium  concentration,  the 
segregation  coefficient  appe2ired  to  approach  unity. 

CONCLUSION 

The  Liquid  Phase  Epitaxy  process  has  been  studied  and  modified  to  yield  high 
qu2ility  films  reproducibly  and  routinely.  This  was  possible  both  with  and  without 
using  an  extrinsic  dopant.  The  yield  was  close  to  100%  for  the  former,  even  for 
doping  levels  lower  than  5xl0'^/cm’. 
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Figure  1.  a)  Anomalous  behavior  commonlj  observed  in 
films  grown  by  liquid  phase  epitaxy, 

b)  Anomalous  behavior  sometimes  observed  in 
films  grown  by  liquid  phase  epitaxy, 

c)  Classical  Hall  behavior. 
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Figure  5.  Segregation  Coefficient  controlling  indium 

doping  of  Mercury  Cadmiurn  Telluride  epifilms 
grown  from  tellurium-rich  melts. 
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*Infrarod  Devices  Laboratory,  Texas  Instruments,  Incorporated;  Dallas, 
Texas 


ABSTRACT 

A  comprehensive  study  of  all  materials  parameters  influencing  metal-insulator- 
semiconductor  (MIS)  properties  of  n-type  HgCdTe  films  grown  by  liquid  phase  epi¬ 
taxy  from  tellurium  rich  melts  was  conducted.  When  the  epitaxy  process  was  opti¬ 
mized  to  grow  films  free  of  inclusions  and  terracing,  the  first  indications  of  the  MIS 
properties  to  be  expected  could  be  obtained  from  the  temperature  dependence  of 
the  Hall  electron  mobility. 

Films  displaying  an  anomalous  dependence  of  the  Hall  mobility  on  temperature 
yielded  non-classical  low  frequency  MIS  properties  with  little  or  no  measurable  ‘dark’ 
storage  times  (<  2x10  *’  second).  The  MIS  performance  of  these  films  appeared  rela¬ 
tively  independent  of  other  materials  pcurametcrs;  remaining,  for  example,  virtually 
unaffected  by  the  film  dislocation  density  changing  between  5x10^  and  2xl0®/cin^. 

Films  displaying  a  classical  dependence  of  the  Hall  mobility  on  temperature 
yielded  drastically  improved  classical  high  frequency  MIS  properties.  For  these  films, 
the  MIS  performance  appeared  almost  exclusively  dependent  on  dislocation  density 
levels  as  long  as  the  donor  density  remained  lower  than  IxlO'^/cm’.  The  dark  stor¬ 
age  time  of  classical  films  increased  continuously  with  decreasing  dislocation  density 
levels,  rising  to  lOO/isec  for  a  dislocation  density  level  of  IxlOVcm^  for  materials  with 
a  77®K  cutoff  wavelength  of  lO.Sjim.  A  simple  monotonic  relationship  could  be  es¬ 
tablished  between  the  MIS  performance  parameters  and  the  dislocation  density  over 
the  entire  measurement  span:  from  5x10^  to  2.5:<10*/c.m^. 


INTRODUCTION 

An  extensive  series  of  investigations  has  been  in  progress  at  Texas  Instruments 
to  grow  epitaxial  thin  fil.ms  of  mercury  cadmium  telluride  using  liquid  phase  "pi- 
taxy.  The  prime  objective  is  to  produce  films  which  will  fulfill  MIS  photocapacitor 
performance  requirements  within  the  LWIR  range  (8-12(jm  at  77°K).  It  is  then*- 
fore  essential  to  establish  the  materials  obstacles  limiting  device  performance,  with 
particular  emphasis  placed  on  prioritizing  these  factors.  The  thrust  can  then  be 
concentrated  towards  solving  the  most  important  limitation.  Once  this  is  achieved, 
it  can  then  be  redirected  towards  a  solution  of  the  next  most  important  problem  Md 
so  on. 


MATERIALS  ISSUES 

The  only  information  available  from  device  physics  of  relevance  to  materials 
growth  scientists  h^w  been  the  desired  upper  limits  in  carrier  concentrations  for  n- 
type  and  p-type  materials  respectively  [1).  To  this  could  be  added  the  data  base 

Mat  Res.  Soc.  Symp.  Proc.  Vol.  161.  '  1990  Materials  Research  Society 


314 


collected  from  bulk  materials  establishing  the  importance  of  dislocation  density  lev¬ 
els.  Prior  to  the  initiation  of  the  present  investigations,  net  donor  densities  in  films 
grown  by  liquid  phase  epitaxy  were  comparable  to  the  magnitudes  observed  in  bulk 
materials.  Nevertheless,  MIS  properties  of  these  films  were  almost  exclusively  very 
poor,  the  large  majority  displaying  low  frequency  behavior  at  2  MHz.  The  dislo¬ 
cation  density  levels  in  these  films  were  generally  high,  in  the  10® /cm^  range.  This 
alone  however  would  not  explain  the  poor  MIS  data  observed,  since  bulk  materials 
with  comparable  defect  density  levels  displayed  MIS  performance  parameters,  which 
while  inferior  to  bulk  containing  low  dislocation  density  levels,  were  still  superior  to 
materials  grown  by  LPE  [2]. 

Hence  the  materiids  obstacles  confronting  films  grown  by  LPE  in  fused  silica 
dipping  reactor  appear  to  be  considerably  more  complex  and  severe.  An  examination 
of  the  various  par2mieters  measured  establishes  the  following  salient  features  for 
LWIR  LPE: 

1.  Hall  mobility;  a  significant  fraction  of  films  grown  by  LPE  displayed  mobili¬ 
ties  >  5  times  lower  than  theoretically  predicted  values  for  respective  cutoffs  at  77®K. 
Other  films  (5-10%)  did  display  Hall  mobilities  within  50%  of  theoretically  predicted 
values.  All  films  however  displayed  ‘anomalous’  Hall  behavior  when  the  measure¬ 
ments  were  carried  out  as  functions  of  temperature.  Anomalous  Hcdl  behavior  has 
also  been  reported  by  workers  at  other  laboratories  on  LPE  films  [3,4,5]. 

2.  The  dislocation  density  levels  generally  stayed  within  the  high  10®  to  low 
10®/cm^  range.  It  slowly  decreased  with  increasing  distance  from  the  epi/substrate 
interface. 

3.  Melt  inclusions:  A  relatively  small  fraction  of  the  films  contained  melt  inclu¬ 
sions.  These  genereJly  were  the  thicker  films,  with  thicknesses  exceeding  75/im.  An 
important  feictor  contributing  to  melt  inclusions  is  the  growth  rate.  High  growth 
rates  lead  to  constitutional  supercooling,  which  in  turn  may  lead  to  a  breakdown  of 
the  planarity  of  the  melt-solid  interfrice,  leading  to  ‘entrapment’  of  melts.  This  will 
be  discussed  in  more  details  elsewhere  [6j. 

4.  Terracing:  The  degree  of  terracing  appeared  to  vary  significantly  from  run 
to  run.  Severe  terracing  was  almost  invsu'iably  related  to  a  severe  melt  inclusion 
problem.  In  addition  to  growth  rates  Eis  discussed  above,  terracing  C2m  be  influenced 
by  pretreatment  of  the  substrate,  substrate  holder  design  etc.  [7]. 

In  all  this  the  importance  of  the  substrate  quality  cannot  be  overestimated.  It 
will  influence  all  of  the  above,  in  most  instances  being  the  single  most  important 
influence.  For  example,  in  conformity  with  observations  by  other  workers  [8],  films 
grown  on  substrates  where  the  growth  face  is  misoriented  by  more  than  0.5°  from 
the  (111)  B  (ace  contained  a  high  degree  of  terracing  and  frequently  melt  inclusions. 
Furthermore,  in  as  grown  films,  a  general  correlation  has  been  observed  between  the 
dislocation  density  within  the  ‘bulk’  of  the  film  and  the  substrate  dblocation  density 
[6],  also  in  agreement  with  observations  reported  by  some  workers  [9]. 

APPROACH  AND  EXPERIMENTAL  PROCEDURES 

To  isolate  the  most  important  materials  obstacle  among  the  vsirious  problems 
outlined  above,  it  was  decided  to  concentrate  on  materials  where  as  many  of  the 
above  aspects  have  been  optimized  as  possible.  For  exeunple,  only  properly  oriented 
substrates  were  employed  following  screening.  A  significant  reduction  in  the  sub- 
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strate  dislocation  density  was  possible  following  the  repl««:ement  of  CdTe  substrates 
with  CdZnTe  substrates  [10].  A  detailed  description  of  the  instrumental  aspects  of 
the  dipping  liquid  phase  epitzucy  process  itself  from  tellurium  rich  melts  has  been 
provided  elsewhere  [11,12], 

The  degree  of  melt  inclusions  was  drastically  eliminated  by  reducing  the  growth 
rate,  by  eliminating  constitutional  supercooling.  A  systematic  decrease  in  the  growth 
rate  was  achieved  by  employing  both  a  lower  ‘cooldown’  rate  as  well  as  by  progres¬ 
sively  altering  the  temperature  profile  imposed  on  the  melt  using  a  novel  heating 
element  design.  These  have  been  referred  to  in  the  preceding  pubhcation  [13],  and 
will  be  discussed  in  more  details  in  a  forthcoming  publication  [6].  Limiting  substrate 
misorientation  to  <  0.5°and  decreasing  the  average  growth  rate  below  a  ‘critical’  value 
[13]  permitted  the  growth  of  even  thick  films  (>  100/im  thick)  free  of  melt  pockets. 
Note  that  the  ‘critical’  rate  depended  on  the  imposed  temperature  gradient  and 
will  vju'y  from  reactor  to  reactor.  This  was  particularly  important  for  LWIR  films 
(x<  0.23).  Due  to  reasons  not  completely  understood,  for  MWIR  films,  inclusion  free 
growth  was  possible  even  at  higher  growth  rates. 

Establishment  of  procedures  permitting  growth  of  films  without  melt  inclusions 
increased  the  relative  importance  of  substrate  impurity  levels  drastically.  Two  as¬ 
pects  are  relevant  here:  impurity  at  the  substrate  surface  or  near  surface  regions  and 
impurity  levels  within  the  bulk  of  the  substrate. 

Surface  and  Near  surface  impurity  levels:  Accumulation  of  impurity  levels  at  the 
substrate  surface  was  confirmed  both  directly  and  indirectly,  though  the  reasons  for 
this  deposition  remain  unclear.  The  direct  method  involved  SIMS  profiling  of  impu¬ 
rity  levels  M  a  function  of  depth  within  the  film  and  the  substrate  (Figure  1),  where 
relatively  drastic  incre^lses  in  impurity  levels  were  observed  at  the  film-substrate 
interface  [10].  Note  that  the  impurity  species  examined  by  Weirauch  were  silicon, 
potassium,  sodium,  aluminum,  lithium,  chromium,  carbon  2md  chlorine.  Since  other 
species  were  not  studied,  the  total  extent  of  contamination  introduced  into  the  film 
from  an  ‘impure’  substrate  surfaM:e  remains  unclear.  This  observation  is  consistent 
with  the  H2J1  data  collected  on  such  films  during  the  present  investigation.  These 
data  indicate  a  high  incidence  of  p-type  films,  n-type  films  with  high  carrier  concen¬ 
trations  md  low  mobility  n-type  films. 

This  accumulation  is  observed  when  film  deposition  is  allowed  to  be  initiated  on 
the  substrate  not  subjected  to  any  ‘cleaning’  immediately  prior  to  growth.  A  rsKli- 
cally  altered  condition  develops  when  the  substrate  is  ‘cleaned’  in  the  nutrient  melt 
held  at  a  temperature  above  the  liquid us,  immediately  prior  to  growth.  A  significant 
if  remarkable  change  in  the  Hall  data  is  observed.  The  incidence  of  p-type  films 
drastically  decreases,  the  incidence  of  high  mobility  at  TT^K  increases.  Furthermore, 
as  referred  in  the  preceding  publication  [13],  during  the  present  investigations  it  was 
observed  that  the  yield  of  films  displaying  a  classic2d  dependence  of  Hall  mobility  on 
temperature  increased,  almost  continuously  with  increasing  severity  of  the  ‘cleaning’ 
or  the  ‘etchback’  procedure.  Note  that  the  increased  ‘severity’  of  the  etchback  proce¬ 
dure  refers  only  to  increased  time  of  immersion  of  the  substrate  in  the  nutrient  melt 
immediately  prior  to  growth.  A  general  consistency  is  observed  between  these  Hall 
results  and  Weirauch’s  SIMS  data.  For  the  latter,  the  ‘hump’  in  the  impurity  level 
near  the  substrate-epi  interface  is  drastically  reduced  for  films  grown  on  etched-back 
substrates  (Figure  2). 

The  introduction  of  etchbacks  exceeding  120  seconds  permitted  a  significant  yield 
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of  films  displaying  classical  or  non-anomalous  dependence  of  HaU  mobility  on  tem¬ 
peratures.  As  is  evident,  a  type  of  saturation  phenomenon  is  observed  when  the 
etchback  times  2u-e  extended  to  considerably  longer  than  120  seconds  [13j;  no  further 
increase  in  yield  of  classical  films  is  observed.  Since  increasing  length  of  etchback 
progressively  degrades  the  surface  quality  of  the  growth  face  which  in  turn  leads  to 
the  growth  of  films  with  increasing  degrees  of  terracing  leading  to  melt  inclusions, 
etchback  times  significantly  longer  than  120  seconds  were  not  employed.  Note  that 
the  highest  yield  of  classical  films  did  not  exceed  approximately  20%.  Hence  between 
70-80%  of  films  still  displayed  either  an  anomalous  dependence  of  Hall  mobiUty  on 
temperature  or  an  outright  p-type  behavior.  The  latter  (p-type  behavior)  occurred 
about  15%  of  the  times. 


DISLOCATION  DENSITY  MEASUREMENTS 

The  dislocation  density  distribution  in  these  films  varied  widely.  A  consistent  be¬ 
havior  was  established  during  the  present  investigations  by  rapidly  cooling  the  film 
following  growth:  the  dislocation  densities  within  the  ‘bulk’  of  the  films  immediately 
after  growth  and  prior  to  any  heat  treatments  generally  followed  the  substrate  dislo¬ 
cation  density  (Figure  3).  Following  the  stoichiometric  adjustment  anneal  however, 
the  dislocation  density  increased  by  degrees  ranging  between  300  and  1000%  (Figure 
3).  This  mechanism  has  been  studied  earlier  in  bulk  materials  and  has  been  traced 
to  the  formation  of  HgTe  when  excess  tellurium  is  annihilated  by  the  advancing 
mercury  front  [12).  During  the  present  investigations,  a  dislocation  multipUcation 
reduction  (DMR)  annealing  procedure  for  thin  epitaxial  films  was  developed.  It 
will  be  discussed  elsewhere  [14].  Interposition  of  thb  anneal  process  prior  to  the 
stoichiometric  adjustment  anneal  virtually  eliminated  the  degree  of  dislocation  mul¬ 
tiplication.  The  dislocation  density  within  the  ‘bulk’  of  the  epifilm  (i.e.  in  regions 
removed  from  the  ‘misfit’  dislocation  band)  again  tracked  the  substrate  dislocation 
density  levels  approximately  (Figure  3). 


RESULTS  AND  DISCUSSIONS 

These  films,  both  with  and  without  prior  DMR  anneal,  were  henceforth  sub¬ 
jected  to  MIS  characterization.  The  MIS  devices  on  these  films  were  fabricated  at 
Texeis  Instruments.  A  general  description  of  the  methods  followed  and  the  general 
device  physics  have  been  discussed  extensively  by  Kinch  [1|.  The  details  of  the  device 
performance  and  physics  will  therefore  not  be  discussed  in  this  space;  only  the  per¬ 
formance  parameters  relevant  to  understanding  the  materials  issues  will  be  referred 
to.  For  these  films,  the  dislocation  densities  varied  widely,  since  some  were  subjected 
to  DMR  and  some  were  not.  The  DMR  treatment  only  permitted  the  dislocation 
densities  in  the  films  to  follow  the  substrate  dislocation  density,  as  discussed  above. 
When  the  ‘dark’  storage  times  were  plotted  vs.  the  dislocation  density  (Figure  4), 
immediately  two  groups  of  films  were  apparent.  The  first  group  contained  films 
which  displayed  classical  or  non-anomalous  dependence  of  the  Hall  mobility  on  tem¬ 
perature,  whereas  the  second  group  consisted  of  films  which  showed  sm  anomalous 
dependence  of  the  Hall  mobility  on  temperature.  Films  displaying  a  non-anomalous 
dependence  of  the  Hall  mobility  on  temperature  show  ‘dark’  storage  times  strongly 
dependent  on  dislocation  density  values  (Figure  4).  The  higher  the  dislocation  den¬ 
sities,  the  lower  the  storage  times.  No  such  strong  dependence  is  noticeable  for  films 


SUBSTRATE  DISLOCATION  DENSITY  (cm-2) 


Figure  3.  Dependence  of  the  dislocation  density  within  the  'bulk' 
of  the  epifilm  (in  regions  well  removed  from  the 
substrate-epi  interface)  on  the  substrate  dislocation 
density.  The  respective  symbols  in  the  figure  signify 
different  heat  treatments  as  indicated  in  the  figure  and 
described  in  the  text. 
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DARK  STORAGE  TIME  Vs  DISLOCATION  DENSITY 


DISLOCATION  DENSITY  (cm  2) 


Figure  4.  Dependence  of  the  'dark'  storage  time  of  devices  built  on 
LWIR  LPE  films  on  the  film  dislocation  density.  The 
respective  symbols  in  the  figure  signify  different  Hall 
behavior  as  indicated  in  the  figure  and  described  in  the 
text.  The  MIS  spectral  response  measured  cutoffs  for  all 
data  points  range  between  10.0  and  10.5  pm  at  77  K. 
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displaying  an  anomadous  dependence  of  the  Hall  mobility  on  temperature  (Figure 
4),  even  though  here  too  the  performance  as  measured  by  the  storage  time  gener¬ 
ally  degrades  with  increasing  dislocation  density.  The  storage  times  are  drastically 
inferior  for  films  showing  the  anomalous  dependence.  Note  that  for  the  classical  or 
non-anomalous  films,  the  storage  times  decrease  with  increasing  dislocation  densities 
approximately  linearly,  with  values  rising  to  >  100/i«ec  for  dislocation  densities  at  or 
below  10^/cm^.  The  cutoffs  at  77°K  for  all  the  films  shown  fall  between  10.0  and 
10.5iim. 

These  results  indicate  the  significantly  stronger  influence  of  the  Hall  behavior  on 
MIS  device  performance  when  compared  to  the  effect  of  the  dislocation  densities.  The 
dislocation  density  becomes  performance  limiting  once  the  classical  Hall  behavior  is 
reached. 


CONCLUDING  REMARKS 

Clear  and  unambiguous  establishment  of  the  greater  importance  of  obtaining 
classical  Hall  behavior  over  lowering  of  dislocation  density  levels  in  attaining  superior 
MIS  device  performance  as  measured  by  the  dark  storage  times  was  achieved  by 
following  the  data  obtained  from  a  random  selection  of  classical  and  anomalous  films 
with  varying  dislocation  densities.  For  the  first  time  a  materials  variable  was  imiquely 
identified  as  the  key  p^ameter  to  be  fulfilled  to  achieve  desired  MIS  performance  for 
n-type  LWIR  LPE.  A  method  to  systematically  auid  reproducibly  solve  this  problem 
will  be  described  elsewhere  [6]. 
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ABSTRACT 

Low  temperature  (<60°C)  processing  technologies  that  avoid 
potentially  damaging  processing  steps  have  been  developed  for 
devices  fabricated  from  II-VI  semiconductor  epitaxial  layers  grown 
by  photoassisted  molecular  beam  epitaxy  (MBE) .  These  low 
temperature  technologies  include:  1)  photolithography  (1  ^.m 
geometries),  2)  calibrated  etchants  (rates  as  low  as  30  A/s),  3) 
a  metallization  lift-off  process  employing  a  photoresist  profiler, 
4)  an  interlevel  metal  dielectric,  and  5)  an  insulator  technology 
for  metal-insulator-semiconductor  (MIS)  structures.  A  number  of 
first  demonstration  devices  including  field-effect  transistors  and 
p-n  junctions  have  been  fabricated  from  II-VI  epitaxial  layers 
grown  by  photoassisted  MBE  and  processed  using  the  technology 
described  here.  In  this  paper,  two  advanced  device  structures, 
processed  at  <60°C,  will  be  presented:  1)  CdTe : As-CdTe : In  p-n 
junction  detectors,  grown  in  situ  by  photoassisted  MBE,  and  2) 
HgCdTe-HgTe-CdZnTe  quantum-well  modulation-doped  field-effect 
transistors  (MODFETs) . 


INTRODUCTION 

Controlling  the  conductivity  of  Hg-based  alloys  by  the 
deliberate  creation  of  defects  (through  ion  implantation  or 
thermal  annealing)  has  been  employed  to  fabricate  p-n  junctions 
[1]  and  metal-insulator-semiconductor  field-effect  transistors 
(MISFETs)  [2] ,  These  techniques  are  adequate  for  devices  formed 
in  bul)t  or  thicl^  epitaxial  layers,  but  are  inappropriate  or  self- 
defeating  when  applied  to  thin  films  and  multilayer  hetero¬ 
structures.  With  the  advent  of  controlled  substitutional  doping 
of  many  II-VI  semiconductors,  new  processing  techniques  are  needed 
to  preserve  (not  destroy)  the  as-grown  characteristics  to  ma)te 
possible  advanced  device  structures  for  optoelectronic  circuits. 

Unfortunately,  the  II-VI  materials  are  too  soft  and 
temperature-sensitive  to  use  traditional  Si  or  GaAs  device 
processing  techniques,  since  processing-induced  crystal  damage,  Hg 
vacancies,  or  Hg- interdi f fusion  can  appreciably  alter  the 
characteristics  of  thin  multilayers.  In  addition,  basic  informa¬ 
tion  concerning  etching,  surface  passivation,  ohmic  contacts,  and 
design  rules  are  unavailable  in  the  open  literature  either  because 
they  have  not  been  developed  or  are  considered  proprietary. 

The  thrust  of  this  wor)c  is  the  development  and  demonstration 
of  a  processing  technology  that  uses  low-temperatures  (<60°C)  and 
minimizes  crystal  damage  or  variations  in  the  as-grown  material 
characteristics.  CdTe  metal-semiconductor  field-effect  tran¬ 
sistors  (MESFETs)  [3],  HgCdTe  MISFETs  [4],  and  CdMnTe  Schott)cy 
diodes  and  MESFETs  [5]  have  already  been  demonstrated  using  these 
low-temperature  processing  techniques. 
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II-VI  SEMICONDUCTOR  DEVICE  PROCESSING  TECBNOLOGY 

A  successful  II-VI  semiconductor  device  processing  technology 
requires  wafer  handling  schemes,  reduced-temperature  photo¬ 
lithography,  controlled  chemical  etching,  metallization  lift-off 
processes,  and  an  insulator  technology  for  MIS  structures  and 
interlevel  metal  dielectrics. 

To  address  the  issue  of  wafer  softness  a  series  of  Teflon 
supports  and  stainless  steel  holders  were  devised  to  mount  and 
transfer  wafers.  This  avoids  the  use  of  tweezers  and  minimizes 
the  chance  that  a  sample  can  become  inverted  (epitaxial  layer  side 
down) ,  which  can  adversely  affect  the  ability  to  fabricate 
functioning  devices.  These  techniques  have  dramatically  reduced 
accidental  processing  induced  damage. 

Traditionally,  the  maximum  processing  temperature  for  Hg- 
based  alloys  is  around  100°C.  However,  based  on  Hg  diffusion 
studies  [6]  this  temperature  is  inappropriate  for  devices 
requiring  multilevel  masking  sequences.  This  can  involve  several 
hours  of  processing  at  elevated  temperatures,  leading  to 
significant  Hg  interdiffusion  at  heterointerfaces  (and  thus 
variation  in  the  bound  state  energies  of  quantum  confined 
structures) .  In  this  work  an  upper  limit  on  the  processing 
temperature  of  60°C  was  selected  to  be  compatible  with  1)  the 
minimum  hard-baking  temperature  of  the  photoresist  and  2)  reduced 
Hg-interdiffusion  and  vacancy  generation. 

Photoresist  exposure  times,  bake  times,  and  spin  speeds  for 
the  reproducible  photolithographic  transfer  of  patterns  at  a 
maximum  temperature  of  60'’C  are  as  follows.  Initially,  the  sample 
is  degreased  in  trichloroethylene,  acetone,  and  methanol  at  room 
temperature  for  10  minutes  in  each  solution.  The  sample  is  baked 
at  60°C  for  60  minutes,  AZ  1350J  photoresist  is  applied  at  a  spin 
speed  in  excess  of  6000  rpm,  and  exposure  and  develop  times  (using 
a  1:1  AZ  Developer  :  H2O)  solution  are  experimentally  optimized  for 
the  various  photoresist  thicknesses.  A  profiling  scheme  involving 
a  30  second  pre-exposure  soak  in  a  1:2  solution  of 
hexamethyldisilizane  and  xylene  has  been  devised  and  used  to 
successfully  lift-off  1  Hm  geometry  features.  Employing  a 
postbake  temperature  of  OO^C  necessitates  a  baking  time  in  excess 
of  1  hour  in  order  to  increase  the  photoresists'  resiliency  to 
chemical  attack.  The  photoresist  pattern  on  top  of  the  etched 
mesa  structures  is  preserved  with  a  negligible  amount  of  shrinkage 
in  the  etched  pattern. 

Controlled  etching  is  required  for  device  processing.  We 
have  focused  on  wet  chemical  etching  since  plasma  and  ion  beam 
etching  are  unsuitable  due  to  the  potential  damage  that  they  can 
cause.  A  measure  of  success  in  calibrating  various  etchants 
compatible  with  the  eO^C  photolithographic  process  has  been 
realized.  These  include  nonselective  etchants  consisting  of 
bromine  and  ethylene-glycol,  and  selective  etchants  based  on 
potassium  dichromate  and  nitric  acid.  Although  the  etching  rates 
of  these  solutions  are  somewhat  unstable  as  a  function  of  time, 
they  can  be  used  to  achieve  reproducible  etch  rates  as  low  as 
30  A/s.  For  example,  MODFETs  require  a  complicated  processing 
sequence  that  involves  the  selective  etching  of  unwanted  surface 
layers  in  order  to  facilitate  ohmic  contacts  to  the  two 
dimensional  (2D)  electron  gas  .  An  etchant  consisting  of  4  gm 
K^CrjO?  :  10  ml  HNO3  :  20  ml  H2O  has  been  successfully  employed  to 
remove  CdTe  from  HgCdTe  or  HgTe  (100:1  for  HgTe;CdTe) .  HgTe  thin 
films  can  now  be  employed  as  stop-etch  layers  and  have  been 


successfully  used  to  remove  CdTe  substrates  for  optically  pumped 
HgCdTe  laser  structures.  [7] 

Ohmic  contacts  and  Schottky  barrier  rectifying  contacts  have 
been  successfully  made  to  n-type  and  p-type  II-VI  s.jmiconductors . 
The  sample  temperature  during  metallization  is  carefully  monitored 
and  is  not  permitted  to  exceed  60°C.  Low-res istance  ohmic 
contacts  to  n-type  CdTe,  CdMnTe,  HgTe,  and  HgCdTe  have  been 
accomplished  using  In  (exhibiting  contact  resistances  in  the  range 
between  0.5  il  to  10  fl  for  a  100  |im  square  metal  pad)  .  In  order  to 
obtain  ohmic  contact  to  p-type  CdTe:As,  a  multilevel  metallization 
was  developed,  consisting  of  three  consecutive  e lect ron-beam 
evaporations  of  Ni  (75  A),  Cu  (250  A),  and  Au  (2500  A)  . 
Unfortunately,  this  ohmic  contact  scheme  required  a  20  minute 
anneal  at  200°C  in  a  nitrogen  ambient.  An  alternate  approach  has 
been  the  MBE  deposition  of  HgTe  followed  by  a  thermal  evaporation 
of  In.  These  unannea led  contacts  exhibited  linear  current-voltage 
characteristics  similar  to  the  Ni-Cu-Au  contacts,  and  have  been 
used  successfully  to  obtain  device  results  for  CdTe  p-n  junctions. 
Au  has  been  employed  for  p-type  ohmic  contact  to  HgCdTe  and 
Schott)cy  barrier  diode  gates  on  n-type  CdTe:  In  and  CdMnTe;  In. 

An  insulator  technology  is  required  to  fabricate  MIS 
structures,  to  prevent  junction  shorting  in  p-n  junction  detectors 
when  running  metal  interconnects  off  mesa  structures,  and  for 
multilevel  metallizations.  Several  insulator  technologies  such  as 
a  remote  plasma  deposition  of  SiOj,  spin-on  glass,  and  thermal 
evaporations  of  ZnS  were  investigated.  The  best  results,  however, 
were  obtained  for  room  temperature  MBE  depositions  of  ZnS.  Since 
the  insulator  deposition  is  performed  at  room  temperature, 
photoresist  masking  becomes  a  viable  choice  for  the  pre-patterning 
of  the  deposited  insulator.  Using  the  same  lift-off  profiling 
scheme  as  was  developed  for  metallization  definition,  selective 
area  depositions  of  ZnS  have  been  accomplished .  Prior  to  each  ZnS 
deposition,  the  surface  is  etched  for  15  seconds  in  a  1:1  solution 
of  HC1;H20  to  improve  the  surface  adhesion.  This  technique  has 
been  used  successfully  in  the  fabrication  of  HgCdTe  MISFETs  [5], 
and  a  photograph  of  processed  devices  is  shown  in  Fig.  1  These 
clearly  defined  patterns  (5  nm  gate  lengths)  illustrate  the 
control  of  the  patterned  linewidth  achievable  employing  the  low- 
temperature  processing  technology.  The  entire  surface,  except  for 
the  In  ohmic  contact  pads,  has  been  coated  with  MBE-deposited  ZnS. 


DEVICE  RESULTS 

CdTe: In-CdTe;As  double  layer  p-n  junctions  were  grown  in  situ 
by  photoassisted  MBE.  (100)  oriented,  polished,  and  etched  CdTe 
semi- insulat ing  substrates  were  used  onto  which  a  1  |lm  buffer 
layer  of  semi-insulating  CdTe  was  deposited  by  conventional  MBE. 
The  photoassisted  MBE  deposition  of  a  2  |lm  thick  layer  of  n-type 
CdTe: In  followed  by  another  2  nm  thick  layer  consisting  of  p-type 
CdTe: As  was  performed  at  180°C.  Carrier  concentrations  and 
mobilities,  based  on  previous  single  layer  growths,  have  been 
estimated  to  be  in  the  range  of  1  x  10'’  cm"'  (for  both  layers),  and 
500  cm-’/V's  (n-type)  and  80  cm^/V-s  (p-type)  respectively. 

Fabrication  of  the  device  structures  began  with  two  2  |lm  deep 
mesa  isolation  etches  to  form  columns  of  p-type  material  on  top  of 
the  n-type  mesas.  An  etch  consisting  of  a  1:1  solution  of  HCL:H20 
solution  was  performed  prior  to  a  thermal  evaporation  of  In  to 
form  ohmic  contacts  to  the  n-type  CdTe: In.  Next,  a  4800  A  thick 
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Figure  1.  Photograph  of  processed  HgCdTe  misfets.  Ohmic 
contact  to  n-type  material  was  performed  using  In,  while  Au 
was  employed  as  the  gate  contact.  Transistor  gate  length  by 
gate  width  include  5  (im  x  25  iim,  5  (im  x  50  |im,  5  )lm  x 
200  urn,  and  100  nm  x  200  |lm  area  structures.  An  MBE 
deposition  of  ZnS  (2800  A)  was  used  as  the  gate  insulator. 


selective-area  MCE  ZnS  deposition  was  performed  leaving  the  In 
contact  pads  and  the  centers  of  the  p-type  semiconductor  columns 
exposed.  A  2500  A  thick  HgTe  layer  was  deposited  at  room 
temperature  using  a  Hg-compatible  MBE  system,  followed  by  a 
thermal  evaporation  of  3000  A  of  In,  and  subsequently  lifted-off 
in  acetone.  A  photograph  and  schematic  cross-section  of  the 
processed  device  structure  is  shown  in  Fig.  2. 

Current-voltage  measurements  of  the  CdTe  p-n  junction 
detector  structure  are  shown  in  Fig.  3,  exhibiting  reverse  break¬ 
down  voltages  in  excess  of  20  V.  By  subtracting  a  series 
resistance  from  these  characteristics,  a  junction  ideality  factor 


SCHEMATIC  CROSS-SECTION  OF  PROCESSED 
CdTe  P-N  JUNCTION 


Indium  n-type 


Figure  2.  Photograph  and  schematic  cross-section  of 
processed  CdTe  p-n  junction  detectors.  Ohmic  contact  to  n- 
type  material  was  performed  using  In,  while  Ni-Cu-Au  was 
employed  as  the  p-type  cc.ntact .  The  open  rings  are  5  nm 
thick  and  vary  in  diameter  between  30  Jim  and  100  Jim.  ZnS 
(4800  A)  was  used  as  an  interlevel  metal  dielectric. 
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Figur-2  3,  Current-Voltage  characteristics  of  a  CdTe:As- 
CdTe:In  p-n  junction.  Ohmic  contact  to  the  n-type  CdTe  was 
obtained  using  In  while  a  combination  of  MBE-deposited  HgTe 
and  In  was  used  for  the  p-type  ohmic  contact  .  Reverse 
breakdown  voltages  were  in  excess  of  20  V  (<100  nA  of 
reverse  bias  current). 


in  the  range  between  4  and  8  can  be  determined.  It  had  been 
speculated  that  p-n  junctions  could  not  be  grown  using  both  In  and 
As  in  the  same  MBE  growth  chamber  because  of  a  dopant  memory 
effect  observed  for  indium.  This  first  demonstration  of  p-on-n 
layers  demonstrates  that  these  structures  can  be  grown  by  photo- 
assisted  MBE  and  that  detector  structures  can  be  successfully  fab¬ 
ricated  in  CdTe  using  the  low  temperature  processing  technology. 

Modulation-doped  quantum  well  structures  containing  the 
semimetal  HgTe  have  been  successfully  grown  by  MBE  (8).  Epitaxial 
structures  were  grown  in  order  to  study  the  behavior  of  HgTe 
quantum  wells  and  then  later  used  in  the  device  fabrication.  The 
potential  well  is  composed  of  150  A  of  HgTe  sandwiched  between  the 
CdZnTs  substrate  and  a  100  A  Hgo,  ibCdo.ebTt  cap  layer.  These 
epitaxi'l  layers  were  grown  at  a  substrate  temperature  of  150°C 
and  exhibited  characteristics  of  a  2D  electron  gas  with 
approximate  electron  densities  of  1.0  x  lO'-’  cm’^  and  low- 
temperature  electron  mobilities  of  9000  cm^/V-s. 

MODFET  device  fabrication  proceeded  with  a  3000  A  mesa  etch. 
Subsequently,  a  semi-inturating  CdTe  surface  passivation  layer  was 
deposited  at  room  temperature  by  MBE.  Prior  to  an  ohmic  contact 
metallization  using  indium,  the  CdTe  cap  and  surface  passivation 
layers  were  selectively  removed  in  a  KjCr207  and  HNO3  solution. 
2000  A  of  In  was  deposited  by  thermal  evaporation  and  the  excess 
metal  was  removed  by  the  lift-off  technique.  Finally,  a  2500  A 
thick  layer  of  Au  was  deposited  by  electron-beam  evaporation. 

A  schematic  cross-section  of  the  processed  device  structure 
and  the  drain-to-source  cur rent-voltage  characteristics  for  a 
100  iim  gate  length  by  200  M.m  gate  width  device  structure  are  shown 
in  Fig.  4.  Unfortunately,  these  devices  did  not  achieve  pinch- 
off,  but  a  rough  calculation  of  the  room  temperature  trans¬ 
conductance  yielded  approximately  4.0  mS/mm.  The  inability  of 
this  device  to  achieve  pinched-off  is  probably  due  to  the 
formation  of  an  inversion  layer  at  the  HgCdTe-CdTe  interface. 
These  results  are  promising  and  indicate  that  many  of  the  advanced 
III-V  multilayer  device  structures  such  as  quantum-well  ‘'ODFETs 
may  now  be  fabricated  from  II-VI  semiconductor  epitaxial  layers. 


•  M  V 


CdZnTe  Substrate 
(Insulating) 


m 


Figure  4.  Drain-to-Source  current-voltage  characteristics 
and  schematic  cross-section  of  the  processed  device  for  a 
100  Hm  gate  length  by  200  flm  gate  width  HgCdTe-HgTe-CdZnTe 
quantum  well  modulation-doped  field-effect  transistor. 
(Gate  voltage  steps  =  -50  mV,  vertical  scale  =  100  |lA/div, 
horizontal  scale  =  200  mV/div) . 


SOMMARX 

The  low-temperature  device  fabrication  methods  explored  in 
this  research  work  have  been  developed  to  take  full  advantage  of 
the  the  as-grown  electrical  and  optical  properties  of 
hetero junction  and  superlattice  device  layers.  Using  the  low- 
temperature  techniques,  the  first  demonstrations  of  advanced 
metals  device  structures  such  as  CdTe  p-n  junctions,  grown  in  situ 
by  photoassisted  MBE,  and  HgTe  quantum-well  MODFETs  are  reported. 
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ABSTRACT 

The  last  two  years  has  seen  rapid  development  in  the  growth  of  mercury  cadmium 
telluride  material  for  use  in  far  infrared  detectors.  This  paper  will  briefly  review  the 
progress  before  this  period,  and  will  focus  on  recent  developments  in  these  materials. 

The  emphasis  will  be  on  the  direct  alloy  growth  of  HgCdTe  material  by 
organometallic  vapor  phase  epitaxy  (OMVPE). 

TECHNICAL 

The  epitaxial  growth  of  Hgi_*Cd^Te  (MCT)  has  received  considerable  atten¬ 
tion  during  the  past  several  years,  because  of  its  potential  for  producing  active  lay¬ 
ers  of  higher  electrical  quality  than  those  grown  by  bulk  methods.  Several  methods 
have  been  reported  for  the  growth  of  these  layers;  of  these,  organometallic  vapor  phase 
epitaxy  (OMVPE)  has  emerged  as  the  most  promising  candidate  [1-8]  for  the  com¬ 
mercialization  of  this  material.  To  this  end,  a  major  effort  is  imderway  at  the  present 
time. 

Compositional  Uniformity: 

The  driving  force  for  these  developments  is  the  need  for  focal  plane  array  detec¬ 
tors,  operating  in  the  10.6  pm  range.  Here,  the  main  requirements  are  layers  of  10-15 
pm  thickness,  with  ein  x  value  around  0.2.  A  high  degree  of  compositional  uniformity 
(±0.005)  is  required  for  i  (the  Cd-fraction),  and  devices  as  large  as  1  cm  x  1  cm  are 
envisioned.  This  composition  uniformity  is  relatively  easy  to  obtain  in  mass  transport 
limited  systems  such  as  AlGaAs  and  InGaAs.  In  these  systems,  OMVPE  has  a  unique 
advantage  since  source  reactants  can  be  mixed  prior  to  entry  into  the  reactor.  As  a  re¬ 
sult,  compositional  uniformity  over  the  substrate  is  achieved  under  all  flow  conditions 
and  independent  reactor  details  or  layer  thickness. 

The  situation  with  HgCdTe  is,  unfortunately,  more  complex,  since  growth  is  lim¬ 
ited  by  surface  kinetics.  One  approach  around  this  problem  is  to  grow  the  binaries, 
HgTe  and  CdTe,  in  a  sequential  manner,  and  then  homogenize  them  in  a  final  heat 
treatment.  This  method,  known  as  the  Interdiffused  Multilayer  Process  (IMP),  can  be 
used  [9,  lOj  to  readily  achieve  the  compositional  uniformity  goal.  However,  it  involves 
an  interdiffusion  process  which  requires  a  rather  high  temperature,  which  offsets  the 
advantage  of  low  temperature  growth.  In  addition,  the  crystallinity  of  interdiffused 
HgCdTe  layers  has  been  shown  to  be  poorer  than  that  of  alloy  grown  HgCdTe,  as  de¬ 
termined  by  double-crystal  x-ray  diffraction  (ll|.  This  has  been  attributed  to  defects 
generated  due  to  the  lattice  mismatch  between  HgTe  and  CdTe,  and  to  incomplete  dif¬ 
fusion. 

Additional  problems  with  the  IMP  process  come  about  because  of  the  large  dif¬ 
ferences  in  incorporation  rate  for  dopants  in  HgTe  and  CdTe.  Together  with  the  fact 
that  diffusion  rates  of  the  preferred  dopants  are  extremely  slow  compared  to  the  ho¬ 
mogenization  rate,  this  leads  to  striations  in  doping  rather  than  uniformly  doped  lay¬ 
ers.  It  is  for  these  reasons  that  we  have  adopted  the  conventional  approach  of  direct 
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alloy  growth. 

In  our  own  work  we  have  used  a  vertical  reactor,  operated  at  380  Torr.  Here,  we 
have  achieved  a  uniformity  of  z  =  0.2  ±  0.002  over  a  1  cm  x  1  cm  area,  using  a  sta¬ 
tionary  susceptor  [12,  13].  More  recently,  using  a  rotating  susceptor,  we  have  improved 
the  compositional  uniformity  to  z  =  0.2  ±  0.001  over  a  1"  diameter.  The  eventual 
goal  of  our  work  in  this  area,  to  extend  the  uniformity  to  a  2"  diameter  substrate, 
should  be  met  in  the  reasonably  near  future. 

Annealing: 

HgCdTe  is  a  semiconductor  material  in  which  defects  are  electronically  active. 
Conventional  devices  use  this  property  to  obtain  both  p-  and  n-doped  layers  for  diode 
fabrication.  Typically,  controlled  annealing  in  a  Hg-overpressure  is  used  to  set  the 
level  of  [V/fj],  which  is  p-type.  Controlled  damage,  by  ion  implantation,  is  used  to 
produce  a  region  which  is  n-type.  While  this  combination  of  processes  has  resulted  in 
useful  devices,  the  exploitation  of  advanced  HgCdTe  structures  will  demand  the  con¬ 
trolled  use  of  extrinsic  dopants  of  both  impurity  types.  A  necessary  pre-condition  for 
extrinsic  doping  is  the  need  for  fully  annealing  the  grown  layers  so  as  to  eliminate  (or 
minimize)  the  residual  background  concentration  due  to  Hg-vacancies.  This  anneal¬ 
ing  is  ciirried  out  by  heat  treatment  in  a  sealed  quartz  ampoule  in  which  excess  Hg  is 
present. 

HgCdTe  layers  usually  have  a  high  mobility  n-type  layer  on  their  surfcice,  result¬ 
ing  from  charge  states  in  the  native  surface  oxide.  The  presence  of  such  a  surface  layer 
on  lightly  doped  p-type  Hgi-xCd^Te  is  readily  apparent,  since  it  gives  rise  to  anoma¬ 
lous  behavior  in  the  Hall  Coefficient  vs.  Temperature  data.  This  behavior,  which  has 
been  analyzed  In  great  detail  (14,  15],  is  a  consequence  of  the  fact  that  these  inver¬ 
sion  layer  electrons  have  surface  mobilities  which  are  a  factor  of  10  to  20  times  higher 
than  those  of  the  bulk  holes.  Their  concentrations  lie  in  the  range  of  3  x  10  “  to 
1  X  10**/cm^,  depending  on  the  nature  of  the  surface  and  its  treatments. 

The  annealing  behavior  of  bulk  HgCdTe  is  well  understood,  unlike  that  for 
OMVPE  grown  material.  For  the  latter,  extremely  long  times  (21  days)  and  high 
temperatures  were  reported  (16],  with  full  anneal  to  n-type  occurring  in  only  isolated 
cases. 

We  have  made  an  extensive  study  of  annealing  of  OMVPE  grown  material  over 
the  last  two  years.  For  our  work,  layers  were  sealed  in  ampoules  which  were  evacuated 
to  10“^  Torr  using  a  turbo-molecular  pump  equipped  with  a  liquid  nitrogen  trap.  All 
annealings  were  carried  out  with  the  sample  kept  2®C  warmer  thsin  the  Hg  reservoir, 
to  avoid  Hg  from  condensing  on  them.  The  annealed  samples  were  characterized  with¬ 
out  any  further  surface  treatment.  For  some  samples  which  exhibit  anomalous  p-type 
behavior,  the  surface  was  passivated  by  anodic  sulfidization  ]17]  and  Hall  data  were 
taken  once  again. 

Figure  1  shows  the  Hall  coefficient  (Rw)  and  the  conductivity  (a)  for  a  6.7  ^m 
thick  as  grown  Hgi-iCd^Te  layer  with  a  0.5  fim  thick  undoped  CdTe  cap  layer  and 
an  alloy  composition  of  0.228.  The  data  were  taken  at  a  magnetic  field  of  2.1  kG.  The 
solid  curve  shown  here  is  a  computer  simulation  which  gives  a  least  square  to  fit  to 
the  experimental  data.  The  best  fit  corresponded  to  (Nx-Nj?)  of  3.61  x  10^® /cm®,  a 
hole  ionization  energy  of  6.2  meV,  and  a  low  temperature  hole  mobility  (/ipo)  of  840 
cm®/Vs.  Because  of  the  high  doping  due  to  Hg  vacancies,  it  was  not  necessary  to  con¬ 
sider  the  presence  of  any  inversion  layer  in  order  to  obtain  this  fit. 

Figure  2  shows  Rff  for  a  sample  annealed  at  230°C  for  nine  hours,  taken  at  2.1 
kG.  This  sample  had  an  z  value  of  0.208  and  a  thickness  of  12  fim.  This  combina¬ 
tion  of  temperature  and  time  should  be  sufficient  to  anneal  bulk  Hgi-xCd^Te  up 
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Figure  1 


TABLE  I.  DAT\  FOR  FULLY  ANNEALED  SAMPLES 


X 

Thickness 

(um) 

Annealing 

Conditions 

(.Nd  -  Na) 
(cm-») 

Hn[30K) 

(cm^/Vs) 

0.205 

8.2 

290“C/15  hr. 
+220°C/13  hr. 

5.4  X  10‘* 

334,000 

0.220 

5.8 

290‘‘C/15  hr. 
+220713  hr. 

6.2  X  10'^ 

210,000 

0.226 

5.8 

290“/15  hr. 
+220‘>C/13  hr. 

3.3  X  10*^ 

120,000 

0.226 

5.8 

270“  C/ 14  hr. 
+220“C/12  hr. 

3.5  X  101“ 

190,000 

.  Hall  coefficient  and  conductivity  for  an  unannealed 
HgCdTe  epi layer. 


a  fully  annealed 
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to  a  depth  of  15  ^m.  Even  though  significant  reduction  of  hole  concentration  is  ob¬ 
served  here,  the  complete  conversion  of  the  epilayer  is  not  achieved.  This  curve  was 
fitted  to  a  computer  model  which  assumes  a  p-type  epilayer  with  n-type  surface  in¬ 
version.  Parameters  providing  the  best  fit  (represented  by  the  solid  curves)  are  N.4  of 
1.65  X  10^® /cm®,  Nx)  of  4  x  10^® /cm®,  Ex  of  7.0  meV  and  a  low  temperature  hole 
mobility  (/Xpo)  of  1620  cm® /Vs  for  the  bulk  layer.  The  inversion  layer  carrier  concen¬ 
tration  was  2.2  X  10^^/cm®,  with  a  low  temperature  surface  electron  mobility  (m«o)  of 
7000  cm® /Vs.  Note  that  the  theoretical  fit  to  the  experimental  data  points  is  not  very 
good  in  the  region  where  R/r  begins  to  fall  with  decreasing  temperature.  This  is  due 
to  some  degree  of  nonuniformity  in  the  hole  concentration  through  the  layer. 

Figure  3  shows  and  a  versus  1000/T  for  a  sample  annealed  with  290°C  for  15 
hours,  followed  by  a  220‘’C  anneal  for  13  hours.  The  layer  was  8.2  (im  thick,  with  * 

=  0.205.  The  data  were  taken  at  1.1  kG.  It  is  seen  from  the  shape  of  the  R//  curve, 
as  well  as  the  high  mobility  value,  that  this  is  an  n-type  layer.  However,  it  is  possible 
that  the  measured  electron  concentration  and  mobility  may  be  different  from  the  ac¬ 
tual  bulk  values,  due  to  the  presence  of  the  surface  electrons.  The  measurement  of  Rh 
as  a  function  of  B  field  allows  the  effect  of  these  carriers  to  be  separated  |18]. 

Table  1  lists  the  results  of  Hal]  data  on  this  and  several  other  annealed  samples, 
which  show  complete  conversion  to  n-type.  Samples  were  annealed  at  220‘’C  following 
the  initial  high  temperatvire  aimeal.  At  220*0,  the  equilibrium  concentration  of  Hg 
vacancies  is  expected  to  be  in  the  10^®-10*®/cm®  range  [19|.  Hence,  the  compensation 
due  to  the  Hg  vacancies  is  expected  to  be  negligible,  so  that  the  net  donor  concentra¬ 
tion  Nd  approximates  the  free  electron  concentration  (Np-Nx).  These  residual  donor 
impurities  are  probably  associated  with  process  related  issues  such  as  chemical  con¬ 
tamination  from  the  system  and  bubblers,  as  well  as  inherent  defects  in  Hgi-xCdzTe 
due  to  lattice  and  thermal  expansion  coefficient  mismatch  between  the  epilayer  and 
the  substrate.  The  number  of  such  donor  impurities  is  seen  to  be  in  the  range  of  3-6 
xl0‘^/cc  in  these  layers. 

In  summary,  full  annealing  of  HgCdTe  layers  is  now  routinely  achievable,  using  a 
two-temperature  anneal  process.  However,  the  difference  between  the  annealing  char¬ 
acteristics  of  OMVPE  grown  and  bulk  layers  is  not  understood  at  the  present  time. 

We  propose  that  this  can  be  explained  by  considering  the  role  of  Te  precipitates  in 
the  annealing  process.  Interstitial  Hg  is  expected  to  react  readily  with  these  precipi¬ 
tates  (20],  the  reaction  rate  being  limited  by  the  mass  transport  of  the  Hg  to  the  Te 
precipitate,  which  act  as  a  sink  for  this  Hg.  During  the  annealing  process,  the  diffu¬ 
sion  length  of  interstitial  Hg  is  comparable  to  the  spacing  between  the  Te  precipitates, 
resulting  in  an  overall  reduction  of  |I/fg|  in  the  lattice.  This  would  cause  a  higher  con¬ 
centration  of  vacancies  to  exist  in  the  lattice  as  long  as  the  Te  precipitates  are  present. 
Once  the  Te  precipitates  are  all  annihilated,  \\ng]  can  rise,  and  (V jfg]  can  drop,  to 
their  equilibrium  values.  A  higher  aimealing  temperature  enhances  the  in-diffusion 
of  Hg,  and  increases  the  rate  of  annihilation  of  the  Te  precipitates.  This,  followed  by  a 
low  temperature  anneal,  with  reduce  the  Hg  vacancies  and  convert  the  layer  to  n-type. 

Doping: 

As  mentioned  earlier,  doping  of  HgCdTe  devices  is  commonly  achieved  by  the  use 
of  ion  damage  for  n"*" -regions,  and  controlled  annealing  to  produce  \ tigy  which  are  p- 
type.  Extrinsic  p-doping  with  As  and  Sb  has  been  achieved  with  LPE  by  low  tempera¬ 
ture  annealing  in  a  Hg-rich  ambient  [21]. 

Extrinsic  n-type  doping  of  OMVPE  grown  HgCdTe  material  has  been  shown  to 
be  relatively  straightforward  [22]  with  indium  as  the  dopant  of  choice.  P-type  doping 
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Figure  4 


Net  acceptor  concentration  as  a  function  of  arsine 
flow:  (■)  GaAs  substrate;  (A)  CdTe  substrate. 


Net  Acceptor  Cone..  Na-Nd  (cm®) 

(■)  Activation  energies  of  arsenic  in  HgCdTe.  The 
energy  of  Hg  vacancies  is  also  shown  (+)  for 
comparison. 


Figure  5. 
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Hall  coefficient  as  a  function  of  reciprocal 
temperature  for  an  as-grown  and  an  annealed  HgCdTe 
layer  doped  with  As.  The  Cd  composition  of  both  the 
layers  was  0.31. 


Figure  6. 


338 


is  considerably  more  difficult.  In  principle,  both  group  V  elements  (which  aie  incorpo¬ 
rated  on  the  Te  sublattice),  and  the  group  I  elements  (which  incorporate  on  the  metal 
sublattice),  act  as  p-type  dopants  [23].  Group  V  elements  are  preferred  because  they 
eire  much  slower  diffusing  species  and  hence  can  be  used  to  form  stable  device  struc¬ 
tures. 

We  have  demonstrated  [24,  25[  that  it  is  possible  to  achieve  extrinsic  p-type  dop¬ 
ing  of  HgCdTe  during  growth  by  OMVPE.  Arsine  gas  in  hydrogen  was  used  as  the 
dopant  source.  Figure  4  shows  the  net  acceptor  concentration  as  a  function  of  arsine 
flow  rate.  The  measured  doping  concentration  increased  from  3.5  x  10^®  to  4.3  x  10*® 
cm“®  as  the  arsine  flow  was  increased  from  5  to  250  seem,  with  all  the  other  param¬ 
eters  held  constant.  The  mobility  of  these  films  was  in  the  range  400-600  cm^/Vs, 
which  is  comparable  to  that  of  bulk  p-type  films  \ising  Hg-vacancy  doping. 

Arsenic  incorporation  in  these  layers  has  been  confirmed  by  SIMS  measurements 
[26].  Moreover,  the  activation  energy  of  the  arsenic  acceptor  has  been  measured  on 
a  series  of  p-doped  samples,  as  shown  in  Fig.  5.  Also  shown  are  values  of  the  Hg- 
vacancy  acceptor  [27).  Note  that  the  ionization  energy  obtained  for  arsenic  is  consis¬ 
tently  a  factor  of  2  lower  than  that  for  Hg  acceptors.  The  same  order  of  difference  in 
the  ionization  energy  between  Hg  vacancies  and  external  impurities  has  been  observed 
in  bulk  and  LPE  doped  films. 

A  major  advantage  of  extrinsic  doping  is  that  it  is  considerably  more  stable  with 
temperature  than  p-doping  using  V Hg.  This  is  shown  in  Fig.  6  where  data  for  an  as- 
grown  arsenic  doped  layer  is  compared  to  that  for  a  similar  layer  which  was  subjected 
to  a  20S°C  heat  treatment  for  15  hours.  The  similarity  of  these  curves  clearly  estab¬ 
lishes  the  stability  of  extrinsic  doping  in  HgCdTe.  Moreover,  it  shows  that  modern 
devices,  using  regions  of  controlled  doping,  can  now  be  made  with  this  semiconductor. 

Lou)  Temperature  Growth: 

HgCdTe  is  highly  susceptible  to  thermally  induced  defects  at  growth  temper¬ 
atures.  As  a  result,  significant  improvements  can  be  made  by  reducing  the  growth 
temperature.  In  recent  years,  much  research  has  aimed  at  low  temperature  growth 
by  OMVPE,  using  laser  assisted  and  other  forms  of  stimulated  growth,  in  addition  to 
the  use  of  less  stable  Te  precursors  [28-30].  Of  all  these  methods,  growth  by  using  Te 
alkyls,  which  are  more  readily  cracked,  is  the  most  promising  one  since  it  results  in 
material  with  a  minimum  of  damage. 

Historically,  progress  in  the  OMVPE  growth  of  HgCdTe  has  steadily  2umed  at  the 
exploration  of  new  chemicals  for  reducing  the  growth  temperature.  Initially,  diethyl- 
telluride  was  used  with  growth  at  around  415”C  or  higher  temperatures.  Growth  with 
alternative  chemicals  such  as  diisopropyltelluride  (DIPT)  has  allowed  reduction  of  the 
growth  temperature  to  around  370°C,  with  a  corresponding  improvement  in  the  re¬ 
sulting  crystal  quality.  At  the  present  time,  this  alkyl  is  available  in  high  purity,  and 
is  routinely  used  for  HgCdTe  growth.  Other  Te  precursors  such  as  ditertiarybutyltel- 
luride  [31]  and  diallyltelluride  ]32]  have  been  used  to  grow  HgTe  at  low  temperatures 
(250-350®C).  A  disadvantage  of  these  chemicals  is  their  low  vapor  pressure,  which  ne¬ 
cessitates  the  use  of  heated  bubblers  and  lines  to  transport  a  sufficient  amount  of  Te 
to  the  reactor. 

Recently,  methylallyltelluride  (MATe)  has  been  used  to  grow  HgTe  at  about 
320‘’C,  using  dimethylmercury  [33].  This  Te  source  has  a  relatively  high  vapor  pres¬ 
sure  (6.2  Torr  at  20°C)  so  that  it  can  be  transported  readily  to  the  reaction  zone.  In 
our  recent  work  [34]  we  have  shown  that  HgTe  and  HgCdTe  can  be  grown  over  the 
240-320‘’C  range  using  this  Te  alkyl.  Growth  at  320®C  resulted  in  featureless  surfaces. 
Material  quality  of  layers  grown  at  320”  C  is  demonstrated  in  Fig.  7  by  the  very  nar- 
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row  full  width  at  half  maximum  (FWHM)  of  x-ray  diffraction  (29  arc  secs),  which  is 
comparable  to  that  of  the  substrates  used  in  our  study. 

HgCdTe  layers  were  also  grown  at  320°C,  using  DMCd,  MATe  and  Hg.  Figure 
8  shows  the  FTIR  spectrum  for  two  layers  grown  on  CdTe  substrates.  The  excellent 
epilayer  substrate  interface  is  demonstrated  by  the  sharp  interference  fringes  present, 
even  for  a  thin  layer  (3.3  nw),  when  grown  using  MATe.  For  layers  grown  with  DIPTe 
at  higher  temperatures,  these  fringes  are  less  sharp  due  to  interdiffusion  effects.  X- 
ray  rocking  curves,  taken  on  HgCdTe  layers  and  grown  on  CdZnTe  substrates,  show 
the  FWHM  of  this  3.5  /im  epilayer  to  be  70  arc  secs.  Comparable  values  have  been 
obtained  for  6  fim  thick  layers  grown  with  DIPTe  at  370°C. 

In  summary,  we  have  shown  that  MATe  can  be  used  to  grow  HgTe  and  HgCdTe 
layers  of  excellent  crystalline  quality.  The  electrical  quality  of  these  layers  is  not,  how¬ 
ever,  as  good  as  that  obtained  with  well  established  Te  sources  such  as  DIPTe.  This  is 
probably  due  to  residual  contaminants  in  this  newly  developed  chemical. 

CONCLUSIONS 

This  paper  has  reviewed  the  significant  progress  which  has  been  made  in  the  al¬ 
loy  growth  of  HgCdTe  by  Organometallic  Vapor  Phase  Epitaxy  during  the  last  two 
years.  Progress  has  been  made  in  the  areas  of  compositional  uniformity,  annealing,  ex¬ 
trinsic  n-  and  p-type  doping,  and  low  temperature  growth.  Commercial  exploitation 
of  OMVPE  grown  material  can  now  be  considered  for  the  first  time.  Significant  issues, 
on  which  much  further  work  needs  to  be  done,  are  the  control  of  Te  precipitates,  the 
measurement  and  improvement  of  lifetime,  and  the  growth  of  hillock-free  layers  of  high 
quality  HgCdTe  on  GaAs  substrates.  Selective  epitaxy,  growth  on  silicon  substrates, 
and  surface  passivation  of  OMVPE  grown  material  are  additional  research  issues  for 
this  important  material. 
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ABSTRACT 

Before  an  organometallic  compound  can  be  used  as  an  MOVPE  precursor,  certain  basic 
properties  need  to  be  known  and  one  of  the  most  important  of  these  is  vapour  pressure.  A 
technique  for  the  measurement  of  vapour  pressures  using  an  MOVPE  system  designed  for 
precursor  assessment  is  described,  ^suils  on  the  assessment  of  di-iso-prop  vl-telluride. 
di-n-propyl-telluride.  di-allyl-telluride,  methyl-allyl-telluride  and  di-I-butyl-telluride  are 
presented. 

INTRODUCTION 

A  well  accepted  objective  for  improved  material  quality  in  the  MOVPE  growth  of  the 
infra-red  detector  material  (Hg,Cd)Te  is  deposition  at  lower  temperatures.  This  will  lead  to 
reduction  and  control  of  the  equilibrium  mercury  vacancy  concentration,  allowing  greater 
control  of  the  electrical  properties.  Lowering  the  growth  temperature  would  also  reduce  the 
interdiffusion  between  substrates  and  epitaxial  layers,  thus  enabling  more  complex  structures  to 
be  growm.  There  are  two  ways  in  which  the  growth  temperature  can  be  lowered,  both  of 
which  will  require  the  use  of  tellurium  precursors  other  than  the  commonly  available  Pr'jTe 
and  EtjTe.  Firstly  by  the  use  of  precursors  which  are  thermally  less  stable  than  those 
currently  limited  to  410‘C  by  EtjTe  or  350'C  by  Pr'jTe,  this  essentially  means  a  less  stable 
tellurium  precursor.  Secondly  photolytic  growth  can  also  provide  a  way  of  growing  (Hg,Cd)Te 
at  lower  temperatures(l  ]. 

Before  a  new  organometallic  compound  can  sensibly  be  used  as  an  MOVPE  precursor, 
certain  basic  chemical  and  physical  properties  need  to  be  known  about  it  and  one  of  the  most 
important  of  these  is  vapour  pressure  in  the  range  of  temperature  typically  used  for  bubblers, 
0-30'C.  Ideally  the  volatility  should  be  above  1  Torr  at  20 'C  and  the  precursor  be  thermally 
stable  at  these  temperatures.  Several  tellurium  precursors  have  been  tried  recently,  but  vapour 
pressures  recorded  in  the  literature  are  limited  to  single  temperature  measurements  (Table  1. 
reference  2).  Even  the  commonly  used  Pr'jTe  is  only  recorded  as  5.6  Torr  at  30'C  (3,4).  In 
order  to  remedy  this  situation,  vapour  pressure  measurements  over  the  range  of  temperatures 
0-30  C  on  a  number  of  possibie  tellurium  pre  sors  have  been  measured  and  are  presented 
here. 

EXPERIMENTAL 

All  the  vapour  pressure  measurements  which  are  discusssed  here  have  been  carried  out 
using  an  MOVPE  system  specifically  designed  to  investigate  organotellurium  compounds  for 
suitability  as  MOVPE  precursors[2].  The  section  of  the  system  used  in  measuring  vapour 
pressures,  shown  schematically  in  Fig.  I,  is  located  between  the  gas  handling  section  and  the 
MOVPE  reactor.  The  pipework  shown  in  the  diagram  was  held  at  40  C  throughout. 

Prior  to  collection  of  a  sample  for  vapour  pressure  measurement,  the  reactor  and  the 
section  in  Fig.  1  up  to  valves  A  and  B  were  evacuated  to  9x10“'  Torr  at  the  Penning  gauge 
on  the  pumping  system  and  checked  for  leaks  using  helium  and  a  mass  spectrometer.  The 
pressure  transducer,  an  MKS  Baratron,  was  zeroed  at  this  point.  In  order  to  obtain  a 
background  reading,  valve  C  was  closed  and  the  the  change  in  pressure  recorded.  This  had  to 
be  below  0.012  Torr  over  1000  seconds  before  the  experiment  proceeded  further. 

A  sample  of  the  organometallic  compound  under  investigation  was  collected  by  passing 
palladium  diffused  hydrogen  through  the  required  bubbler  and  then  through  the  vapeur  pressure 
cell  (valve  A  closed,  valves  B  and  C  open)  held  at  liquid  nitrogen  temperature  to  condense 
out  the  precursor.  When  sufficient  compound  had  been  collected,  the  gas  flow  was  stopped 
valves  A  and  B  closed  and  the  reactor  section  of  the  system  evacuated,  still  with  the  silica  cell 
in  liquid  nitrogen.  After  about  5  minutes  the  cell  was  isolated  and  allowed  to  warm  up.  From 
this  point  onwards  the  sample  was  kept  dark  to  avoid  photoinduced  decomposition.  The  sample 
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Fig.  1  Schematic  illustration  of  apparatus  used  for  vapour  pressure  measurements. 

was  **condilioned‘'  by  3“4  cycles  of  pumping  for  10  seconds  (valve  C  open)  and  around  1 
minute  recovery  while  the  cell  was  held  at  0*C.  For  each  individual  measurement  valve  C  to 
the  pump  was  opened  for  5  seconds  and  the  recovery  of  the  pressure  recorded  over  a  period 
of  1000  seconds.  The  background  was  substracted  to  ideally  give  curves  as  in  Fig.  2.  The 
vapour  pressure  was  read  off  the  flat  portion  of  the  plot.  The  background  substraction  was 
particularly  important  for  less  volatile  compounds  such  as  Pr^'jTe.  This  method  of  pumping  on 
the  sample  for  5  seconds  and  monitoring  the  recovery  of  the  pressure  is  similar  to  that 
described  in  reference  5,  but  differs  in  that  a  sample  is  removed  from  the  bubbler  in  our 
experiments.  This  has  the  av  'anuge  that  any  involatile  decomposition  products  are  left  behind 
in  the  bubbler  when  removing  a  sample  and  any  volatile  products  are  removed  during 
"conditioning”.  The  vapour  pressure  equations  were  calculated  from  a  series  of  pressure 
measurements  at  different  temperatures  working  from  0  to  30  C  and  back  down  to  0  C  again. 


Tine  (see) 

Fig.  2  Three  pressure  versus  time  curves  at  21 'C  for  Pr'jTe. 
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Measurements  at  0*C  and  at  a  temperature  around  20 'C  were  repeated  several  times  to  check 
for  consistency  and  possible  decomposition.  The  (allyl)2Te  and  obtained  from  St. 

Andrews  University,  Pr^jTc  from  Epichem  Ltd,  the  Pr^'^Te  from  Alfa  Products  and  the 
Me-allyl-Te  from  American  Cyanamid  Company. 

RESULTS  AND  DISCUSSION 

Fig.  2  shows  three  pressure  versus  time  curves  for  Pr^^Te  obtained  at  21  *C  and  illustrates 
its  reproducibility.  A  similar  series  was  obtained  at  0*C.  The  Arrhenius  plot  of  logP(Torr) 
against  reciprocal  temperature  is  illustrated  in  Fig.  3.  The  25  points  lie  close  to  the  least 
squares  fit  line  giving  confidence  in  the  reliability  of  the  technique.  The  only  published  data 
on  the  vapour  pressure  of  Pr^^Te  is  5.6  Torr  at  30*C  [3,4).  The  comparable  value  obtained 
from  the  equation  here  is  4.65  Torr  at  30 ’C. 


Fig.  3  Arrhenius  plot  for  Pr'^Te.  Vapour  pressure  is  given  by  LgP(Torr)  =  8.288-2309/T. 

Pr^jTe  is  much  less  volatile  than  Pr*jTe,  but  the  pressure  measurements  were  very 
consistent.  The  Arrhenius  plot  is  shown  in  Fig.  4.  The  published  vapour  pressure  point  for 
Pr^2^®[^l  **  30 'C  while  the  extrapolation  of  our  vapour  pressure  equation  is  1.62 

Torr  at  30  *C.  At  20  C  the  vapour  pressure  is  0.82  Torr  which  falls  below  the  criteria  of  1 
Torr  at  20'C  for  suitability  as  an  MOVPE  precursor  for  (Hg,Cd)Te.  It  is  unlikely  that  a 
sufficiently  high  growth  rate  could  be  achieved  with  Pr^^Te. 

Methyl-allyl  telluride  has  recently  been  used  as  an  MOVPE  precursor  [6,7].  It,  too,  gave 
reproducible  pressure  versus  time  plots  of  the  type  illustrated  in  Fig.  2.  Its  Arrhenius  plot  is 
reproduced  in  Fig.  5.  On  returning  to  O'C,  the  points  obtained  were  close  to,  but  not  exactly 
the  same  as,  those  obtained  at  the  start  of  the  series  of  measurements,  probably  indicating 
slight  decomposition  of  the  sample  during  measurement.  Its  vapour  pressure  at  20*C  is  4.48 
Torr  and  at  30  C  is  7.92  Torr,  making  it  the  most  volatile  of  the  precursors  discussed  here. 
The  vapour  pressure  equation  given  in  the  Cyanamid  literature  is  Lg  P  =  7.718  -  [2028/T} 
which  corresponds  to  6.3  Torr  at  20'C  and  10.6  Torr  at  30’C.  These  values  are  somewhat 
higher  than  those  presented  here.  Ghandhi  et  al  [6]  report  that  HgTe  can  be  grown  using 
liquid  Hg  and  methyl-allyl  telluride  in  the  range  250-320  C  and  this  together  with  its  volatility 
makes  it  a  tellurium  compound  worthy  of  further  investigation  as  an  MOVPE  precursor. 


Fig.  4  Arrhenius  plot  for  Pr"jTe.  Vapour  pressure  is  given  by  LgP(Torr)  =  8.857-2620/T. 


3.21  3.23  3.31  3.33  3.41  3.43  3.31  3.33  3.61  3.63  3.71 
1/T  * 


Fig.  5  Arrhenius  plot  for  Me-allyltelluride.  Vapour  pressure  given  by  LgP(Torr)=8.l46-2l%/T. 
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which  shows  plots  obtained  at  19‘C.  Successive  plots  always  gave  a  lower  pressure  than  those 
obtained  previously.  In  addition,  the  plots  were  not  flat,  the  pressure  always  slowly  rising.  At 
the  end  of  the  series  of  measurements  the  (allyO^Te  was  removed  leaving  the  inside  of  the 
silica  cell  with  a  black  coating,  presumably  of  tellurium,  where  it  had  been  in  contact  with 
(alIyl),Te.  Not  surprisingly,  this  behaviour  did  not  give  a  good  straight  line  Arrhenius  plot 
(Fig.  7).  The  conclusion  from  these  observations  is  that  the  (allyl)jTe  is  thermally  unstable  in 
the  range  0-30 'C  and  was  slowly  decomposing  while  measurements  were  being  made.  The 
decomposition  is  probably  of  the  form; 

(allyl),Te  -»  volatile  product  +  involatile  product 

The  volatile  product  is  responsible  for  the  slow  rise  in  the  pressure  versus  time  plots,  but 
would  be  removed  during  the  next  S  second  pumping  cycle.  From  initial  Gas  Chromatograph 
Mass  Spectrometry  work,  it  would  appear  that  this  volatile  product  is  I  ,S-hexadiene,  boiling 
point  59  C.  The  involatile  product,  tellurium  or  possibly  diallyiditelluride,  would  not  be 
removed  from  the  cell  during  the  measurements  and  its  concentration  would  steadily  increase. 
Following  Raoult's  law  this  build  up  of  an  involatile  product  would  lead  to  a  progressive 
lowering  of  the  vapour  pressure  at  a  given  temperature.  This  is  what  is  observed.  Given  this 
thermal  instability  and  its  involatility  (allyl)jTe  is  not  an  improvement  on  existing  precursors. 


Measurements  on  Bu*jTe  were  even  less  successful  as  Fig.  8  illustrates.  The  vapour 
pressure  measurements  were  not  reproducible  for  heating  and  cooling  with  the  latter  lying 
below  the  former.  The  line  in  Fig.  8  is  the  best  least  squares  fit  through  the  points,  but  in 
reality  has  no  practical  use.  We  believe  the  Bu*jTe  is  decomposing  as  measurements  are  made 
on  it,  but  in  contrast  to  (allyOjTe  no  deposit  of  tellurium  was  observed.  Further  work  remains 
to  be  done  to  explain  this  tehaviour,  but  Bu*jTe  is  unlikely  to  prove  a  suitable  MOVPE 
precursor  for  alloy  growth. 
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I  CONCLUSIONS 

A  method  for  measuring  vapour  pressures  of  organometallics  likely  to  be  used  as  MOVPE 
precursors  has  been  described.  The  method  also  gives  information  on  the  stability  of  the 
t  compounds  at  around  room  temperature.  The  vapour  pressure  equations  for  Pr'jTe,  Pr^^Te 

and  methylallyltelluride  have  been  determined. 
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ABSTRACT 

The  structural  and  electrical  properties  of  heteroepitaxial 
HgCdTe/CdZnTe/GaAs/Si  were  evaluated  using  high-resolution  x-ray  diffraction 
techniques  and  Hall-effect  measurements  as  a  function  of  temperature. 
Significant  tilting  of  the  layers  was  found  for  both  {100}  and  (111)  CdZnTe 
layers  grown  on  misoriented  {lOO)GaAs/Si  substrates,  consistent  with  the 
interpretation  of  a  low-angle  tilt  boundary  being  formed  at  the  interface  to 
relieve  the  large  lattice  mismatch  between  the  layers.  The  GaAs  layer  is  in  a 
state  of  biaxial  tension  before  and  after  the  growth  of  the  CdZnTe  layers. 
The  x-ray  FWHM  of  HgCdTe  layers  grown  by  LPE  on  these  substrates  was  found  to 
be  reduced  from  that  of  the  MOCVD-grown  CdZnTe  buffer  layer  due  to  both  an 
annealing  effect  during  LPE  growth  and  to  the  increased  distance  of  layer 
surface  from  the  defective  CdZnTe/GaAs  interface.  Hall-effect  mobility  for 
{100} HgCdTe  layers  was  nearly  identical  to  that  of  layers  grown  on  bulk  CdZnTe 
substrates.  High-quality  hetero junction  infrared  detectors  have  been 
fabricated  using  these  materials. 


INTRODUCTION 

HgCdTe  grown  by  liquid-phase  epitaxy  (LPE)  on  lattice-matched  single¬ 
crystal  CdZnTe  substrates  is  currently  the  best-established  technology  for  the 
fabrication  of  second-generation  infrared  focal-plane  arrays  [1,2].  Although 
this  technology  currently  uses  bulk  CdZnTe  substrates  with  areas  as  large  as 
20  cm^,  there  is  strong  interest  in  substituting  a  Si-based  alternative 
substrate  for  the  bulk  substrate  for  improvements  in  sire,  strength,  cost,  and 
reliability  of  hybrid  focal-plane  arrays  and  for  the  development  of  advanced 
monolithic  arrays.  The  alternative  substrate  employed  in  this  work  is 
heteroepitaxial  CdZnTe/GaAs/Si  grown  by  metalorganic  chemical  vapor  deposition 
(MOCVD) . 

Epitaxial  growth  of  CdTe  on  GaAs/Si  composite  wafers  has  been 
demonstrated  previously  using  congruent  vacuum  evaporation  from  a  CdTe  source 
[3-6]  and  using  MOCVD  for  the  growth  of  CdTe  [7-9]  and  the  alloy  CdZnTe 
[10,11].  HgCdTe  was  then  grown  on  these  substrates  using  close-spaced  vapor- 
phase  epitaxy  [3-6]  and  MOCVD  [8]  for  undoped  material  and  using  LPE  [12]  and 
MOCVD  [9]  for  growth  of  doped  HgCdTe.  The  motivation  for  this  work  is  to 
evaluate  the  structural  properties  of  Cdi-yZnyTe/GaAs/Si  (nominal  y-0.04) 
grown  by  conventional  pyrolytic  MOCVD  [11]  and  the  structural  and  electrical 
properties  of  controllably  doped  HgCdTe  grown  by  LPE  on  these  substrates. 


X-RAY  ANALYSIS  OF  GaAs/Si  AND  CdZnTe/GaAs/Si 

X-ray  rocking  curve  measurements  were  made  utilizing  a  novel,  compact  Si 
four-crystal  monochromator  to  produce  CuKQi  x-rays.  Lattice  tilt  and  strain 
measurements  were  made  using  a  high-resolution  diffractometer  that 
incorporates  a  Ge  four-crystal  monochromator  and  has  an  optically  encoded 
angular  readout  of  the  diffractometer  axis  for  precise  angular  measurements 
[13] .  Layer  tilt  was  determined  from  symmetric  x-ray  reflections  by  measuring 
the  peak  separation  between  the  substrate  and  the  layer  twice  for  the  same 
reflection  but  using  a  different  geometry  where  the  second  measurement  has  a 
reversed  pathway  for  the  incident  beam  (14];  the  incident  beam  direction  is 
always  normal  to  the  tilt  axis  of  the  diffracting  planes  so  that  the  true  tilt 
angle  is  measured.  The  perpendicular  and  parallel  strain  in  the  layer 
(^a^/a,)  is  determined  from  symmetric  and  asymmetric  x-ray  reflections  of  the 
substrate  and  layer  by  a  procedure  described  in  detail  elsewhere  [15] . 
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Fig.  1. 


(100)  GaAs/Si  (100) CdZnT*/GftAs/Si  (111)  CdZnTe/GaAs/Si 

Schematic  showing  layer  tilts  relative  to  Si  (100)  which  is  tilted 
3-4®  off  normal  toward  the  nearest  <111>. 


The  starting  substrates  were  GaAs/Si  wafers,  which  consisted  of  a  GaAs 
layer  2.5  thick  grown  on  {lOO^Sl  tilted  about  a  <011>  tilt  axis  3-4®  toward 
the  nearest  typical  (400)  rocking-curve  full-width  at  half-maximum 
(FWHM)  values  for  these  GaAs/Si  substrates  are  150-200  arc-sec.  Either  {100}- 
or  { 111 } -oriented  CdZnTe  layers  could  be  obtained  in  the  MOCVD  growth 
depending  on  the  growth  conditions  flO/11).  For  (100}  heteroepitaxy,  the 
layer  <011>  is  parallel  to  the  substrate  <011>  and  is  the  tilt  axis.  For 
{ 111 }CdZnTe/ { 100 )GaA3/Si  the  layer  <112>  is  parallel  to  the  substrate  <011>/ 
these  directions  were  found  to  be  coincident  with  the  tilt  axes  of  the  layer 
and  substrate,  respectively. 

Figures  la,  b,  c  show  a  schematic  representation  of  the  relative  layer 
tilts  for  multilayer  structures  of  (100|GaAs/Si,  ( 100 ICdZnTe/ 1 100 }GaAs/Si,  and 
{ 111 }CdZnTe/ { 100 {GaAs/Si(  respectively,  where  the  tilt  angles  are  measured 
with  respect  to  the  Si  (400).  Figure  la  shows  that  the  thin  GaAs  layer  is 
tilted  back  toward  the  surface  normal  by  0.2®  in  the  starting  substrate; 
subsequent  growth  of  a  (100}CdZnTe  layer  decreases  this  tilt  to  about  0.1®, 
while  growth  of  a  (lll}CdZnTe  layer  decreases  this  to  about  0.0*7®.  Figure  lb 
shows  that  the  {100}CdZnTe  layer  is  substantially  tilted,  by  4.2®,  from  the  Si 
back  toward  the  substrate  surface  normal,  while  Figure  Ic  shows  that  the 
{lll}CdZnTe  layer  is  tilted  about  1®  from  the  Si  farther  away  from  the 
substrate  surface  normal.  Large  layer  tilts  are  consistent  with  previous 
observations  for  CdZnTe  layers  grown  on  bulk  GaAs  substrates  and  are 
attributed  to  the  interaction  of  closely  spaced  misfit  dislocations  that 
arrange  to  f'*—  *  t--?”’*-  boundary  (16].  Ti  onw'ller  tilt  of  the  {111}  layer  may 
be  related  to  the  fact  that  the  lattice  mismatch  along  the  coincident 
<112>/<011>  tilt  axis  for  the  layer  and  substrate  is  small  (»0.7%)  [17],  so 
that  fewer  dislocations  are  needed  to  make  up  the  mismatch  at  this  interface. 

Table  I  summarizes  the  tilt  measurements  and  the  perpendicular  and 
parallel  strain  measured  with  respect  to  the  Si  substrate  for  the  layers 
discussed  above.  For  (100}GaAs  and  CdZnTe  layers,  the  symmetric  {400}  and 
asymmetric  (511}  reflections  were  used  for  strain  analysis.  For  the 
(lll}CdZnTe  layer  the  lattice  constant  was  measured  using  the  Bond  technique 
from  symmetric  (333}  and  asymmetric  (513]  reflections  and  then  used  to 
calculate  the  strain.  Table  I  shows  that  the  as-grown  GaAs/Si  substrate  is 


Table  I.  Summary  of  heteroepitaxial  layer  tilt  and  strain  measurements. 


Layer/Substrate 

Gate 

Till 

(deg) 

CBf>e  Cafe 

ASlp^rp/^s  A3para/3s 
(xlO-2)  (xlO-2) 

CdTe 

Till 

(deg) 

CdTe  CdTe 

ASperp/Sg  A3ppfa/3s 
(*10-2)  (xlO-2) 

aperp 

(A) 

(100)GaAs/Si 

-0.213 

3.962 

4.202 

■ 

5.6461 

(1 00)CdZnTa/{1 00}3‘’GaAa/Si 

-0.121 

3.596 

4.347 

-4.166 

19.289 

19.288 

6.4785 

1 1 1 1  )CdZnTB/(  1 00)3*GaA8/Si 

-0.066 

3.957 

4.244 

0.968 

19.307 

19.356 

6.4795 
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Table  II.  Summary  of  twin  density  measurements , 


Layer/Substrale 

X-ray  {333)  FWHM 
(arc-sac) 

Ralative  Twin  Volume  Density 

{111}CdZnTe/{100)GaAs 

256 

0.96 

{111  }CdZnTe/{1 1 1  {Z^GaAs 

205 

0.86 

{111  )CdZnTe/{1 00)3‘’GaAs/Si 

230 

0.12 

{1 1 1}HgCdTe/CdZnTa/{100)3°GaAs/Si 

119 

0.0 

tetragonaliy  distorted  and  in  a  state  of  biaxial  tension  ^ 
Aaperp/^s) •  The  perpendicular  lattice  constant  of  the  GaAs  layer  is  5.646A, 
which  is  in  excellent  agreement  with  measurements  reported  for  S^m  thick 
layers  of  GaAs/Si  grown  by  MBE  [18]  -  Subsequent  growth  of  a  (100}Cd2nTe  layer 
causes  further  tetragonal  distortion  of  the  GaAs  layer  while  growth  of  a 
{lll)CdZnTe  layer  leaves  the  GaAs  in  essentially  the  same  state  of  strain. 

Table  I  shows  that  there  is  no  tetragonal  distortion  in  the  ilOO)  CdZnTe 
layer  and  that  the  fllDCdZnTe  layer  has  only  a  very  slight  distortion.  These 
layers  are  thus  virtually  incoherent  with  the  substrate,  and  the  lattice 
mismatch  is  accommodated  by  misfit  dislocations  at  the  interface,  consistent 
with  the  interpretation  of  a  tilt  boundary  at  this  interface.  This 
interpretation  is  also  consistent  with  a  recent  high-resolution  TEM  study  of 
this  same  (lOOf  multilayer  structure  119}.  Table  I  also  shows  that  the 
lattice  constant  of  both  CdZnTe  layers  is  slightly  less  than  the  bulk  CdTe 
lattice  constant  of  6.481A,  and  indicates  their  alloy  compositions  are  y  < 
0.01,  rather  than  the  nominal  y  *  0.04. 

A  disadvantage  of  using  Hll}  is  that  VPE-grown  layers  of  CdTe  and 
CdZnTe  are  usually  heavily  twinned,  with  the  (1111  twin  planes  lying  parallel 
to  the  growth  interface.  This  type  of  twinning  can  be  detected  by  using 
asymmetric  (422}  x-ray  reflections;  an  untwinned  crystal  will  have  three  such 
reflections  (three-fold  symmetry)  accessible  from  a  (111)  surface  while  a 
twinned  crystal  will  have  six  such  reflections  (six-fold  symmetry)  [20)  .  As  a 
relative  measure  of  twin  "density”  we  have  taken  the  ratio  of  (422)  x-ray 
rocking  curve  intensities  measured  in  the  direction  of  a  (422)  and  rotated 
180®  from  that  position;  this  twin  volume  "density  ratio"  is  thus  zero  in  an 
untwinned  crystal  and  unity  for  a  layer  having  50%  of  its  volxime  rotated  180® 
about  the  <111>  surface  normal. 

Table  II  summarizes  these  measurements  made  on  the  (llDCdZnTe  layer 
described  above  together  with  [111)  layers  grown  on  bulk  (lll}GaAs  tilted  2® 
toward  the  nearest  <123>  and  (lOOjGaAs  all  in  the  same  MOCVD  growth  run  [11], 
Table  II  shows  that  the  1333}  FWHM  of  each  of  these  layers  is  similar  [200-250 
arc-sec,  independent  of  the  GaAs  crystal  quality  (bulk  GaAs  is  15-20  arc-sec 
versus  150-200  arc-sec  for  GaAs/Si)J.  Table  II  also  shows  that  the  twin 
volume  density  in  the  CdZnTe  grown  on  GaAs/Si  is  very  low  in  comparison  with 
that  of  the  layers  grown  on  the  bulk  substrates.  These  results  illustrate 
that  the  GaAs/Si  substrate  misorientation  can  help  to  suppress  twinning  under 
certain  growth  conditions.  Table  II  also  shows  that  an  LPE  HgCdTe  layer  grown 
on  a  sister  [111) )CdZnTe/ [l00}GaAs/Si  substrate  from  this  same  MOCVD  run  was 
untwinned.  This  implies  that  the  twins  in  the  CdZnTe  layer  were  not  close  to 
the  layer  surface  where  they  would  have  propagated  into  the  LPE  layer,  as  we 
observed  when  heavily  twinned  substrates  were  used  for  LPE  growth. 


LPE  HgCdTe  ON  CdZnTe/GaAs/Si 

To  evaluate  the  quality  of  the  CdZnTe/GaAs/Si  substrates.  In-doped  [21], 
n-type,  Hgo,72C<lo.28Te  layers  were  grown  simultaneously  on  CdZnTe/GaAs/Si  and 
(lll)A  CdZnTe  bulk  substrates  using  "infinite-melt"  vertical  LPE  [1,2]  from  a 
Hg-rich  solution.  Figures  2a, b  show  optical  micrographs  of  the  surface 
morphology  of  a  ( 100 )CdZnTe/ ( 100 )GaA5/Si  substrate  and  an  LPE-grown  HgCdTe 
layer  grown  on  a  similar  substrate,  respectively.  Figure  2a  shows  a  surface 
facet  on  the  (lOO)CdZnTe  surface  that  is  found  to  be  elongated  in  the 


Fig.  3.  Optical  micrographs  showing  surface  morphology  of 

a)  { 111 )CdZnTe/GaAs/Si  substrate  and  b)  LPE-grown  HgCdTe  on  a 
similar  substrate;  (Si  (100)  tilted  towards  LHS  of  micrograph). 


direction  of  the  Si  substrate  tilt.  After  an  LPE  HgCdTe  layer  is  grown,  the 
tops  of  such  facets  are  flattened;  however,  their  height  above  the  surface  is 
still  approximately  5  ^m.  These  defects  on  the  (100)  surface  have  been 
directly  correlated  with  a  local  increase  in  detector  leakage  current  [12], 
and  growth  conditions  must  be  found  to  eliminate  them. 

Figures  3a, b  show  optical  micrographs  of  the  surface  morphology  of  a 
( 111 ICdZnTe/ { 100 IGaAs/Si  substrate  and  an  LPE-grown  HgCdTe  layer  grown  on  a 
similar  substrate,  respectively.  Figure  3a  shows  that  the  [llDCdZnTe  surface 
morphology  is  smooth,  while  the  LPE-grown  HgCdTe  morphology  is  wavy,  which  is 
characteristic  of  growth  on  misoriented  (lll)CdZnTe  substrates.  Although  this 
HgCdTe  surface  is  not  specular,  it  does  not  have  the  growth  facets  that  are 
typical  of  the  (100)  surface  (Figure  2b);  it  may  better  for  fabricating 
detectors . 

We  have  found  that  the  x-ray  rocking-curve  w^  ’“h  of  the  LPE-grown  HgCdTe 
layer  is  better  than  that  of  the  CdZnTe/GaAs/Si  s  cate.  This  has  also  been 
recently  reported  by  other  workers  for  an  MOuvD-grown  HgCdTe/CdTe/GaAs 
structure  [22].  Figure  4  shows  a  plot  of  the  FWHM  of  the  HgCdTe  layer  versus 
that  of  the  CdZnTe/GaAs / Si  substrate  obtained  using  symmetric  x-ray 
reflections.  Figure  4  shows  that  the  FWHM  of  the  HgCdTe  layer  is  typically 
reduced  from  that  of  the  initial  CdZnTe  buffer  layer.  To  see  if  this  effect 
was  due  to  annealing  during  the  LPE  growth,  a  ( 100 )CdZnTe/GaAs/Si  substrate 
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Substrate  FWHM  (arc*sec) 

Fig.  4.  X-ray  rocking  curve  FWHM  of 
LPE-grown  HgCdTe  layer  versus  that 
of  CdZnTe/GaAs/Si  substrate. 


Fig.  5.  Hall  mobility  versus 
ten^erature  for  In-doped  Hgo. 72^^0.28'^® 
layers  grown  simultaneously  by  LPE  on 
bulk  CdZnTe  and  { 100 }Cd2nTe/Ga As/Si . 


was  annealed  in  the  LPE  melt  without  exposing  the  surface,  to  simulate  the 
growth  conditions  without  growing  the  HgCdTe  layer.  The' as-grown  substrate 
{400}  FWHM  was  390  arc-sec,  and  following  anneal  it  reduced  to  265  arc-sec. 
Additionally,  high-resolution  TEM  studies  have  shown  that  the  dislocation 
density  in  the  CdZnTe  is  reduced  significantly  within  about  2  pm  of  the 
CdZnTe/GaAs  interface  due  to  dislocation  annihilation  by  intersection  with 
others  as  the  growth  continues  (19) .  An  improvement  in  rocking-curve  width  is 
then  seen  as  the  distance  from  this  interface  increases,  relative  to  a  fixed 
sampling  depth  of  the  x-rays,  by  growing  an  additional  layer  of  HgCdTe. 

Figure  5  shows  that  the  Hall  mobility  versus  temperature  (field  •  lOkG), 
measured  after  a  Hg-overpressure  anneal,  is  nearly  identical  for  In-doped 
^^o.72C<^o.28‘r®  layers  grown  simultaneously  by  LPE  on  { 100 )Cd2nTe/GaAs/Si  and 
(111) A  CdZnTe  bulk  substrates.  These  same  results  were  also  obtained  for  LPE 
HgCdTe  layers  grown  on  {100}  CdZnTe  bulk  substrates.  The  77K  carrier 
concentration  for  these  layers  is  4  x  10^^  cm"^.  We  have  not  yet  evaluated 
the  electrical  properties  of  recently  grown  HgCdTe  layers  on 
{ 111 )CdZnTe/GaA3/Si . 

High-quality  p-on-n  hetero junction  infrared  detectors  have  been 
fabricated  using  controllably  doped  HgCdTe  grown  by  LPE  on  the 
( 100 )CdZnTe/GaAs/Si  substrates  and  used  to  demonstrate  the  first  128  x 128 
focal  plane  array  fabricated  on  these  materials  (12J  .  Detectors  with  a  cutoff 
wavelength  of  6.0  pm  and  a  resistance-area  product  (RpAj)  average  of  6.0  x  10^ 
ohm-cm^  at  80K  for  16,189  detectors  in  the  array  were  achieved.  For  operating 
temperatures  above  ‘■120K  these  were  conparable  in  performance  to  detectors 
co-f abricated  on  standard  lattice-matched  bulk  CdZnTe  substrates  (12) . 


CONCLUSIONS 

The  structural  and  electrical  properties  of  heteroepitaxial 
HgCdTe/CdZnTe/GaAs/Si  were  evaluated  using  high-resolution  x-ray  diffraction 
techniques  and  Hall-effect  measurements  as  a  function  of  temperature. 
Significant  tilting  of  the  layers  was  found  for  both  (100)  and  (111)  CdZnTe 
layers  grown  on  misoriented  {100)GaAs/Si  substrates,  consistent  with  the 
interpretation  of  a  low-angle  tilt  boundary  being  formed  at  the  interface  to 
relieve  the  large  lattice  mismatch  between  the  layers.  The  GaAs  layer  is  in  a 
state  of  biaxial  tension  before  and  after  the  growth  of  the  CdZnTe  layers. 
The  x-ray  FWHM  of  HgCdTe  layers  grown  by  LPE  on  these  substrates  was  found  to 
be  reduced  from  that  of  the  MOCVD-grown  CdZnTe  buffer  layer  due  to  both  an 
annealing  effect  during  LPE  growth  and  to  the  increased  distance  of  layer 
surface  from  the  defective  CdZnTe/GaAs  interface.  Hall-effect  mobility  for 
{100}HgCdTe  layers  was  nearly  identical  to  that  of  layers  grown  on  bulk  CdZnTe 
substrates.  High-quality  hetero junction  infrared  detectors  have  been 
fabricated  using  these  materials. 
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Abstract 

HgTe:ZnTe  superlattices  have  been  grown  by  thermal  .MOVPE  at  temperatures  down 
to  325°C  .  At  this  temperature,  interdiffusion  is  sufficiently  low  to  make  superlattice 
periods  as  low  as  45A  practicable.  The  results  of  theoretical  calculations  of  the  electronic 
structure  of  these  materials  are  also  reported.  These  show  that  the  electronic  structure 
may  be  significantly  different  to  that  found  for  the  HgTeT'd'J'e  system  due  to  the  large 
biaxial  compression  present  in  the  HgTe  well  layers. 

Introduction 

HgTe:ZnTe  strained  layer  superlattices  have  been  proposed  as  an  alternative  to 
Hgi_j.Cd,,Te  for  long  wavelength  infra-red  devices  ''  .  In  contrast  to  the  more  widely 
studied  HgTe.CdTe  superlattice  system'^'  .  interdiffusion  coefficients  are  expected  to 
be  about  an  order  of  magnitude  lower.  This  makes  them  suitable  for  growth  by  thermal 
.Metal  Organic  Vapour  Phase  Epitaxy  (MOVPE)  at  currently  attainable  temperatures.  In 
a  previous  paper  ''  we  reported  the  development  of  a  process  for  the  growth  of  HgTe:ZnTe 
superlattices  by  thermal  MOVPE.  In  that  work,  growth  was  carried  out  at  39o°C  us¬ 
ing  di-methyl  zinc  (DMZ),  di-ethyl  telluride  (DET).  and  elemental  mercury  and  some 
Interdiffusion  was  observed. 

Here  we  report  growth  at  the  reduced  temperature  of  32.o'’C  which  ha-s  been  made 
possible  by  the  substitution  of  di-isopropyl  telluride  (DIPT)  for  DET  as  the  tellurium 
precursor.  Transmission  electron  (T.E.)  microscopy  has  been  used  to  characterise  the 
resulting  structures  and  provide  information  on  the  total  thickness  and  hence  period  of 
the  superlattices.  ED.X  was  used  to  deteimine  the  composition  and  hence  to  provide  an 
estimate  of  the  relative  well  and  barrier  thicknesses.  Infra-red  transmission  measurement.s 
were  performed  at  room  temperature  and  for  one  superlaltice  indicated  an  energy  gap  of 
0.2  eV. 

Also  reported  are  the  results  of  some  theoretical  calculations  of  the  electronic  structure 
of  these  materials.  The  HgTe  wells  may  be  under  considerable  biaxial  compression  due  to 
the  h.'2%  mismatch  between  HgTe  and  ZnTe.  This  is  in  contrast  to  the  ca.se  of  HgTciCdTe 
superlattices  where  the  wells  are  under  a  small  biaxial  tension.  This  change  in  the  sense  of 
the  strain  (an  lead  to  significant  differences  in  the  electronic  structure  of  the  two  systems. 

Structure  and  Interdiffusion 

A  T.E.  micrograph  of  a  HgTc;ZnTe  superlattice  with  a  period  of  k;  I  IfiA  grown  on  { 100} 
GaAs  at  .395°C  using  DET  is  shown  in  Fig.  1(a).  Fringe  contrast  ran  be  observed  for 
approximately  20  periods  at  the  top  of  the  layer.  By  assuming  that  the  lower  portion  of 


Mat.  Rat.  Soc.  Symp.  Proc.  Vol.  161.  ‘  1990  Matarlala  Rataarch  Society 


356 


the  layer  had  interdiffused,  and  from  a  knowledge  >f  the  growth  time  and  superlattice 
period,  it  was  possible  to  estimate  a  value  of  ~  1  x  10''’  rings''  for  the  interdiffusion 
coefficient  between  HgTe  and  ZnTe  at  ,395‘’C  '  .  This  value  of  the  interdiffusion  coeffi¬ 

cient  is  one  order  of  magnitude  lower  than  that  found  for  the  interdiffusion  of  CdTe  and 
HgTe  during  the  development  of  the  interdiffused  multilayer  process'  for  the  growth  of 
Hgi-j.Cd,,Te  which  was  determined  under  essentially  similar  conditions  of  temperature, 
mercury  vapour  pressure  and  annealing  time.  It  is  also  at  least  two  orders  of  magnitude 
lower  than  that  expected  from  the  HgTeiZnTe  diffusion  couple  experiments  of  Granger 
and  co-workers  ^  .  Their  work  was  performed  in  vacuum  while  the  superlattice  growth 

reported  here  took  place  under  one  atmosphere  of  hydrogen  with  a  mercury  partial  pres¬ 
sure  oi  20  Torr.  Mercury  vacancies  are  known  to  control  the  interdiffusion  and  it  may 
be  that  the  lower  interdiffusion  coefficient  found  for  the  superlattice  growth  is  due  to  the 
presence  of  a  lower  concentration  of  mercury  vacancies. 


(a)  (b) 

Fig  1,  T.E.  micrographs  of  HgTe.ZnTe  superlattices  grown  at  (a)  395°C  and  (b'  325'’C 


Fig, 1(b)  shows  a  T.E.  micrograph  of  part  of  an  80  period  HgTe  ZnTe  superlattice  grown 
on  {lOO)  GaAs  with  a  ZnTe  buffer  at  32.5°C'  using  DIPT.  For  this  sample  the  period  was 
.i.oA  with  approximately  equal  well  and  barrier  thicknesses.  In  contrast  to  growth  at 
39.5‘’C  .  and  despite  a  growth  time  30%  longer  than  for  the  sample  discussed  above  which 
was  grown  at  the  higher  temperature,  clear  fringe  contrast  was  observed  throughout  the 
layer.  When  the  extremely  short  period  is  considered  this  lesult  clearly  demonstrates  the 
feasibility  of  growing  HgTe  ZnTe  superlattices  by  thermal  MOVPE  at  this  temperature. 

Optical  Properties 

One  40  period  HgTe:ZnTe  .superlattice  grown  at  395°C  with  a  period  of  %  200A  com¬ 
prising  70A  of  HgTe  and  130A  of  ZnTe  exhibited  strong  optical  absorption  ,it 
fipm.  lothis  case  consideration  of  the  interdiffusion  roelficier:  discussed  in  the  pro 
vious  s<  vion  suggested  some  interdiffusion  would  have  taken  place  although  even  near 
the  substrate/superlattice  interface  this  would  not  have  been  complete  as  tne  period  was 
greater  and  fewer  periods  were  grown  than  for  the  sample  considered  previously. 
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Graphs  of  the  optical  absorption  coefficient,  a,  versus  photon  energy,  hi/,  (ahi/)^ 
versus  hi/  for  this  sample  are  shown  in  Figs.  2(a)  and  2(b)  respectively.  The  absorption 
coefficient  has  an  exponential  dependence  on  photon  energy  up  to  values  of  ~  1  x  10^ 
cm~*.  This  may  be  fitted  to  the  empirical  expression  of  Urbach**' 


a  =  aoexp 


where  c  is  a  constant.  B  is  the  gradient  of  the  logarithmic  portion  of  the  absorption  curve 
and  in  this  case  is  equal  to  34  eV"*.  For  larger  values  of  a  up  to  the  maximum  of  4  x  lO*^ 
the  dependence  is  parabolic.  Extrapolating  this  parabolic  region  to  (aht/)^  =  0  yields  a 
value  of  0.2  eV  for  the  energy  gap  of  the  superlattice. 


(ahv)  ^  (eVctn  *)  ^ 


0.10  0,15  0.20  0.25  0.30  0.10  0.15  0.20  0.25  0.30 

Fig.2  (a)  optical  absorption  coefficient  versus  hv  and  (b)  (ahi/)^  versus  hi/  for  a  40  period 
HgTe:ZnTe  superlattice  grown  at  395°C  . 


The  energy  levels  in  HgTe.ZnTe  superlattices  were  calculated  using  the  Kronig-Penney 
model  as  reformulated  for  superlattices  by  Hung-Sik  Cho  et  al*  *  .  In  the  ccilculations 
the  superlattices  were  assumed  to  be  free  standing  and  fully  strained.  The  strain  in  the 
constituent  binary  layers  was  calculated  from  simple  elasticity  theory.  The  effect  of  this 
strain  on  the  energy  levels  was  incorporated  using  deformation  potentials  as  given  by  Wu 
and  McGill ''  for  HgTe  and  by  Gil  et  al*’’  for  ZnTe.  Conduction  band  effective  masses 
of  O.Olmo  and  O.llfimo  were  used  for  HgTe  and  ZnTe  respectively  while  the  heavy  hole 
mass  was  taken  to  be  O.Tmo  in  both  cases.  The  valence  band  offset  (  Ev.av  (HgTe)  -  Bv.av 
(ZnTe)  where  Ev.av  is  the  average  energy  of  the  light  and  heavy  PS  bands)  was  taken  to 
be  250  meV  as  determined  by  Hsu  et  al"”'  . 

Here  we  consider  a  superlattice  composed  of  130A  ZnTe  barriers  and  70A  HgTe  wells  as 
estimated  for  the  superlattice  above.  The  band  lineups  of  the  binary  constituents  are 
shown  in  Fig. 3(a).  Both  the  PS  valence-like  bands  and  the  P6  conduction-like  band  in 
the  HgTe  lie  above  the  ZnTe  valence  bands.  When  the  HgTe  is  placed  under  a  biaxial 
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stress  corresponding  to  the  6.176A  in-plane  lattice  constant  calculated  for  the  superlattice 
(Fig.3(b)),  the  energy  gap  is  increased  (made  less  negative)  slightly  and  the  light  and 
heavy  PS  bands  are  split  b  the  uniaxial  component  of  the  strain.  In  this  diagram  fv.av 
is  represented  by  the  dotted  line.  This  splitting  is  the  most  significant  effect  the  strain 
has  on  the  electronic  structure.  In  contrMt  to  the  HgTeiCdTe  case,  the  heavy  hole  like 
PS  state  moves  up  in  energy  while  the  light  hole  state  moves  down.  This  difference  is  due 
to  the  HgTe  wells  being  under  biaxial  compression  rather  than  biaxial  tension  as  is  the 
case  for  HgTe.CdTe  superlattices.  When  the  superlattice  is  formed,  quantum  confinement 
moves  the  Pfi  band  up  in  energy  by  190  meV  leading  to  a  conventional  positive  energy  gap 
between  the  P6  conduction  band  and  the  P8  heavy  hole  valence  band.  The  superlattice 
is  type  II  for  light  holes  with  the  PS  light  hole  band  lying  230  meV  below  the  heavy  hole 
band  and  so  this  band  is  not  expected  to  contribute  to  the  electrical  or  optical  properties. 

The  above  analysis  predicts  a  direct  energy  gap  for  the  superla'  ice  of  90  meV  while 
experimental  value  was  200  meV.  This  discrepancy  may  be  explained  by  the  effects  of 
interface  non-ideality  and  strain  relief  in  the  real  structure  and  uncertainty  in  the  input 
parameters  for  the  theoretical  model.  In  particular  this  model  is  very  sensitive  to  the 
exact  value  taken  for  the  HgTe  electron  effective  mass.  However  the  essential  features  of 
the  electronic  structure  of  this  system  can  be  seen. 
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Fig. 3.  Energy  levels  in  the  HgTe.ZnTe  system  at  300  K.  (eV) 

(a)  Bulk  compounds  (b)  strained  bulk  compounds  (c)  superlactice 
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Conclusions 

The  growth  of  HgTeiZnTe  superlattices  by  thermal  MOVPE  has  been  demonstrated. 
For  growth  at  325°C  interdiffusion  does  not  present  a  problem  as  evidenced  by  the 
growth  of  a  superlattice  with  a  period  of  s:  45A.  Infra-red  absorption  measurements  have 
shown  strong  optical  absorption  at  wavelengths  commensurate  with  the  formation  of  a 
superlattice  rather  than  a  ternary  alloy. 

The  electronic  structure  of  HgTe.ZnTe  superlattices  has  been  calculated  using  a  mc.-fied 
Kronig- Penney  model.  It  has  been  shown  that  splitting  of  the  PS  bands  is  the  most  signif¬ 
icant  effect  of  the  strain  in  this  system  and  that  in  contrast  to  the  HgTerCdTe  superlattice 
system,  the  light  hole  PS  band  is  moved  down  in  energy  and  does  not  contribute  to  the 
electrical  or  optical  properties. 
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ABSTRACT 

f  A  series  of  modulation-doped  small-band-gap  HgTe-Hgi_xCdxTe 

superlattices  (SLs)  have  been  grown  by  photoassisted  MBE.  N-type 
or  p-type  conductivity  was  obtained  in  the  modulation-doped 
samples  by  incorporating  either  In  or  As  dopant  atoms  in  the 
barrier  layers,  respectively.  The  electrical  and  optical  proper¬ 
ties  that  these  new  multilayered  quantum  well  structures  display 
will  be  discussed. 


INTRODUCTION 

In  recent  years,  important  advances  in  the  growth  and 
characterization  of  undoped  HgTe-CdTe  SLs  have  been  achieved 
[1,2,3].  However,  the  problem  of  in-situ  doping  of  these  SLs  has 
only  recently  been  addressed  14].  Since  the  well  layers  consist 
of  HgTe,  a  negative-band-gap  semimetallic  material,  it  is  possible 
to  engineer  a  semiconducting  structure  having  a  band  gap  in  the 
long  wavelength  infrared  (LWIR)  region  of  the  wavelength  spectrum. 
In  fact,  by  choosing  appropriate  barrier  layer  Lb  and  well  layer  Lj 
thicknesses,  super lattices  can  now  be  prepared  reproducibly  that 
exhibit  either  semiconducting  or  semimetallic  properties. 

Here,  we  report  the  properties  of  a  series  of  modulation-doped 
HgTe-Hgi-xCdxTe  superlattices  grown  by  photoassisted  MBE  in  which 
the  Hgi-xCdxTe  barrier  layers  were  doped  either  p-type  or  n-type  by 
using  In  or  As  as  the  dopant  species,  respectively. 


EXPERIMENTAL  DETAILS 

All  of  the  modulation-doped  superlattices  (SLs)  were  grown  in 
a  Hg-compatible  MBE  system,  designed  and  built  at  North  Carolina 
State  University  that  is  described  in  an  earlier  publication  [5] . 
The  modulation-doped  SLs  were  deposited  onto  high  structural 
quality,  chemimechanically  polished  (100)  CdZnTe  (4%  Zn)  sub¬ 
strates.  Prior  to  their  loading  into  the  MBE  system,  the  sub¬ 
strates  were  degreased  and  etched  in  a  1:1  Hcl  and  DI  water 
solution  to  remove  the  native  oxide.  The  substrates  were  then 
preheated  at  a  temperature  of  300  °C  while  in  the  MBE  growth 
chamber.  All  of  the  modulation-doped  SLs  were  grown  at  140  °C 
using  photoassisted  MBE.  In  the  photoassisted  MBE  process,  the 
beam-expanded,  broad-band  output  (458-514  nm)  from  a  Spectra- 
Physics  model  2016-05  argon-ion  laser  was  used  to  uniformly 
illuminate  the  substrates  during  film  growth.  Power  densities  of 
40  mw/cm2  were  employed,  resulting  in  negligible  substrate  heating 
from  the  laser  beam.  The  Hg  flux,  with  equivalent  beam  pressure 
of  -1.5x10"^  Torr,  was  maintained  constant  throughout  each 
growth.  The  CdTe  barrier  layers,  therefore,  are  grown  under  a  Hg 
flux.  Because  of  this  overpressure  of  Hg,  the  barrier  layers  are 
actually  Hgi_xCdxTe,  where  the  x-value  depends  on  the  growth 
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conditions.  The  CdTe  and  Te  fluxes  were  such  that  the  growth 
rates  obtained  for  HgCdTe  and  HgTe  were  in  the  range  of  1  A/s  and 
3  A/s,  respectively. 

In  the  modulation  doped  samples,  In  and  As  were  used  as  the 
n-type  and  p-type  dopants,  respectively.  The  dopants  were 
incorporated  uniformly  in  the  barrier  layers  (no  setback) ,  and  the 
temperatures  of  the  In  and  As  ovens  were  varied  from  run  to  run, 
resulting  in  a  range  of  doping  levels  obtained  for  the  series  of 
SLs .  Each  of  the  super latt ices  consisted  of  200  double  layers  of 
HgTe-Hgi-xCdxTe . 

The  individual  layer  thicknesses  for  each  SL  were  determined 
by  using  DEKTAK  total  thickness  measurements,  the  angular  separa¬ 
tion  of  x-ray  satellite  peaks  relative  to  the  main  diffraction 
peak,  and  the  growth  rates  of  HgTe  and  HgCdTe  determined  using 
calibration  layers  grown  under  the  same  conditions.  HgTe  well 
layer  thicknesses  Lj  between  23-81  A  and  Hgi-xCd^Te  barrier  layer 
thicknesses  Lb  from  26-52  A  were  thus  obtained. 

Double-crystal  x-ray  rocking  curve  measurements  were  per¬ 
formed  on  all  the  SLs  included  in  this  study.  The  f ull-width-at- 
half-maximum  (FWHM)  of  the  main  (400)  diffraction  peak  was  used  as 
a  measure  of  structural  quality.  FWHM  values  as  low  as  28  arcsec 
(small  Lb)  and  as  high  as  300  arcsec  (large  Lb)  were  measured. 
Electrical  characterization  of  the  SLs  consisted  of  standard  van 
der  Pauw  Hall  measurements  over  the  temperature  range  between  30- 
300  K.  Optical  absorption  coeffients  for  selected  SLs  were 
determined  by  measuring  their  transmittance  and  reflectance  at 
room  temperature.  Details  of  these  experiments  are  given  in  an 
earlier  paper  [6]. 


RESULTS  AND  DISCUSSION 

N-type  and  p-type  modulation-doped  SLs  were  successfully 
grown  for  a  range  of  single  layer  thicknesses  (L^  =  26-52  A,  L^  = 
23-81  A)  and  doping  levels  (4x101^-1x10'-'^  cm"^  at  low  temper¬ 
atures)  .  Figure  1  shows  Hall  data  for  four  In-doped  superlattices, 
respectively.  These  four  SLs  were  grown  under  identical  condi¬ 
tions,  except  that  the  In  dopant  oven  temperature  was  increased 
sequentially  by  25°C  from  one  growth  to  the  next.  The  effects  of 
doping  are  clearly  manifested  by  the  Hall  effect  data.  The 
electron  concentration  for  A66B,  prepared  using  an  In  oven 
temperature  of  400‘’C,  decreases  monotonically  with  decreasing 
temperature  reaching  a  value  of  ~1.0  x  10'®  cm"3  at  30  K.  The 
mobility  exceeds  10^  cm^/V  s  at  temperatures  below  80  K.  For  A67B 
(Tin  =  425°C) ,  the  carrier  concentration  decreases  with  decreasing 
temperature  and  then  begins  to  plateau  at  about  1.5  x  lO'®  cm"3  at 
temperatures  below  50  K.  The  electron  mobility  reaches  a  maximum 
in  excess  of  10^  cm^/v  s  at  70  K  and  then  decreases  at  lower 
temperatures.  The  maximum  in  the  mobility  occurs  because  the  band 
gap  of  this  SL  approaches  zero  at  about  this  temperature.  In  the 
zero  gap  state,  both  the  electron  and  hole  mobilities  become  very 
large  because  the  effective  mass  of  both  types  of  carriers  becomes 
small  (7).  At  lower  temperatures,  A67B  becomes  semimetallic,  the 
carrier  effective  masses  become  larger  and,  thus,  the  mobility 
decreases . 

This  decrease  in  mobility  at  low  temperatures  associated  with 
the  negative-band-gap  state  is  even  more  pronounced  in  the  Hall 
data  for  A68A,  grown  using  an  In  oven  temperature  of  450°C.  Note, 
also,  that  the  low  temperature  carrier  concentration  reaches  a 
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Fig.l.  Hall  effect  data  for  n-type  superlattices  A66B,  A67B, 
A68A  and  A69A. 
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plateau  at  about  2.5  x  10^®  cm'^.  SL  A69A  (Tm  =  475°C)  has  a  well 
thickness  of  58.3  A  and  a  barrier  thickness  of  48.6  A, 
corresponding  to  a  band  gap  Eg  =  19.5  meV  at  77  K.  From  the 
figure,  it  is  clearly  seen  that  modulation  doping  has  been 
successfully  achieved  for  this  semiconducting  SL .  The  electron 
concentration  is  constant  and  equal  to  1.1x10^^  cm” ^  at 
temperatures  below  -100  K.  The  electron  mobility  increases  with 
decreasing  temperature  and  reaches  a  maximum  of  32,000  cm^/v  s  at 
30  K. 

Optical  absorption  coefficients  versus  photon  energy  for  SLs 
A66B-A69A  are  shown  in  Figure  2.  Each  spectrum  shows  sharp  steps 
which  are  a  manifestation  of  the  2D  quantum  nature  of  these 
structures.  Note,  in  particular,  for  the  three  SLs  (A66B,  A67B, 
and  A68B)  which  undergo  a  transition  from  the  semiconducting  to 
semimetallic  state  at  low  temperatures  the  occurrence  of  a  step 
beginning  at  about  110-115  meV.  This  corresponds  to  the  light 
hole  (HI)  to  conduction  band  (El)  transition  and  thus  is  a  measure 
of  the  light  and  heavy  hole  energy  splitting  in  the  valence  band 
due  to  quantum  confinement.  Its  occurrence  at  this  energy  is 
consistent  with  a  large  valence  band  offset  (about  360  meV  for  the 
HgTe-CdTe  binary  interface) .  Note  also  that  for  the  semiconducting 
SL  A69A  the  onset  of  absorption  occurs  at  about  100  meV  and  the 
Hl-El  transition  is  barely  discernable  at  about  210  meV. 

Figure  3  shows  Hall  data  for  two  p-type  modulation-doped  SLs. 
A74  is  a  p-type  sample  for  which  L^  =  25.9  A  and  Ljrj  =  35.6  A. 
These  layer  thicknesses  correspond  to  a  band  gap  Eg  =  171  meV  at 
77  K.  In  this  case,  the  Hall  coefficient  becomes  positive  at  -285 
K.  At  temperatures  below  -180  K,  the  hole  concentration  is 
constant  and  equal  to  -7x10^®  cm”3.  The  hole  mobility  is 
approximately  250  cra^/v  s  over  this  temperature  range,  which  is 
reasonable  for  a  -7  jim  band  gap  structure.  Corresponding  Hall 
data  for  A76  is  also  shown.  In  this  case  the  Hall  coefficient 
becomes  positive  at  about  180  K.  Note  that  for  this  SL  the  low 
temperature  mobility  approaches  10^  cm^/v  s  while  the  hole 
concentration  decreases  to  less  than  10^*  cm”^ .  The  decrease  in 
hole  concentration  at  low  temperatures  implies  that  impurities 
capable  of  inducing  hole  freeze-out  are  present  in  the  well 
layers.  This  is  most  likely  As  atoms  due  to  the  very  small 
barrier  layer  thicknesses  employed. 


SOMMARY 

We  have  found  that  it  is  possible  to  prepare  n-type 
modulation-doped  HgTe-Hgo.3Cdo.7Te  super lattices  reproducibly , 
with  desired  carrier  concentratioi.s  determined  by  an  appropriate 
choice  of  the  In  dopant  oven  temperature.  We  have  prepared  n-type 
structures  having  various  band  gaps  by  simply  changing  the  well 
layer  thickness  L^,  including  modulation-doped  near-zero  gap  and 
even  negative  band  gap  structures.  P-type  structures  have  only 
been  prepared  for  superlattices  having  layer  thicknesses  which 
place  them  in  the  semiconducting  regime.  Zero  band  gap  and 
negative  band  gap  (semimetallic)  structures  are  always  n-type, 
even  when  large  densities  of  As  dopant  atoms  are  added  to  the 
barrier  layers  of  such  structures.  The  reason  for  this  is 
presently  unclear.  It  may  be  related  simply  to  the  growth 
parameters  employed  at  NCSU,  or  there  may  be  new  physics  to  be 
understood  about  the  transfer  of  holes  to  states  in  the  valence 
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Hall  effect  data  for  p-type  superlattices  A74  and 
A7  6  . 
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band  that  may  lie  above  corresponding  electron  states  in  the 
F  conduction  band  in  the  zero  band  gap  and  negative  band  gap 

regimes.  Additional  superlattice  growth  experiments  and  new 
characterization  experiments  are  needed  to  clarify  this  point. 
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ABSTRACT 


In  this  paper,  we  studied  the  magneto-field  emission  from  HgTe/CdTe 
superlattices  with  graded  structure  mid  compared  the  seme  with  the  bulk 
specimens  of  the  constituent  materials*  It  is  found  that  the  field  emitted 
current  density  increases  both  with  electron  concentration  and  magnetic 
field  in  an  oscillatory  manner.  Ihe  field  emission  in  HgTe/Cdlh  5L  is 
greater  than  that  of  the  same  from  constituent  materials  the  theoretical 
results  are  in  agreement  with  the  experimental  observation  as  reported 
elsewhere. 


INTRODUCTION 

With  the  advent  of  MB£[l]  ,  iiiOCVD  [zj  and  other  experimental 
techniques,  it  has  become  possible  to  fabricate  superlattices  (SLs)  of 
small-gap  semiconductors,  many  of  which  are  currently  under  study  due  to 
their  interesting  physical  properties.  The  SL  finds  wide  applications  in 
many  device  structures,  such  as  photodetectors  ,  transistors  [43  , 
light  emlttersLs]  etc  ftgong  the  various  types  of  SLs,  Hgie/CdTe  SLs  have 
raised  a  great  deal  of  attention  since  1979  when  they  were  first  suggested 
as  a  promissing  new  materials  for  longwave  length  infrared  detectors  and 
other  electro-optic  applications  [,63  •  Interest  in  Hg  based  SLs  has  further 
been  increased  which  has  revealed  new  properties  with  potential  device 
applications  [7]  .  The  features  arise  from  the  unique  zero-band  gap  material 
HgTe[83  and  the  direct  band  gap  semiconductor  CdTe  which  can  be  described 
by  three  band  Kane  model  [^  The  aforementioned  SLs  have  been  proposed  with 
the  assu.iption  of  zero  interface  thickness.  Since  an  intermediate  potential 
region  exists  for  the  electrons,  the  influence  of  the  finite  thickness  of 
the  interface  on  the  electron  dispersion  law  becomes  very  important  since 
the  electron  energy  spectrum  oontrols  all  the  electronic  properties. 

Though  oonslderable  wirk  has  already  been  done,  nevertheless  it  appears  from 
the  literature  that  the  field  emission  under  magnetic  quvititation  from 
HgTe/CdTe  SL  with  graded  structures  has  yet  to  be  investigated.  We  wish  bo 
note  that  at  the  field  strength  of  the  order  of  lO^V/m,  potential  barriers  at 
the  surfaces  of  metal';,  alloys  and  semiconductors  usually  become  very  thin 
and  result  in  field  emission  of  the  electrons  due  to  tunnel  effect  [lo]  .  in 
the  present  paper  we  shall  study  the  magneto  field  emission  from  HgTe/CdTe 
SL  with  graded  structures  and  compare  the  same  with  the  bulk  specimens  of 
constituting  materials. 


THEORETICAL  BACKGROUND 


The  dispersion  relation  of  conduction  electrons  in  bulk  specimens 
of  HgTe/CdTe  SL  are  given  by  [8,^  j 

E  =  d^k^/Zm*)  +  (3  e^  k/lZSC^)  (1) 
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and 


='Pk2/^*  .  G  (e,  Eg2* 


(2) 


where  £  is  the  ener9y  as  measured  from  the  edge  of  the  conduction  band  In 
the  absence  of  any  quantization)  h  is  Planck’s  constant)  and  ar^ 
the  effective  band-edge  electron  mass  and  the  permittivity  of  HgTO) 
and  A  2  effective  bandedge  electron  massj  band-gap  and  spin-otbit^ 

splitting  of  CdTe  respectively*  The  magneto-electron  energy  spectrum  in 
HgTe/CdTe  SL  with  graded  structure  can  be  written  as 

'/o- 

=  [a(E)  n)J  1^"^  (3)  ^ 

where  A(E,n)  =[p  (E,n)  -  2e  Bl^  ^  ii  (n  +  i)],  p  (£,n)  =  ^“cos 

v^(£,n)  = /*2  Cosh  {.^(Ejn))  Gostl?  {£)n)}  +  £  (E)n)  slnh^^  (£)n^  sin  ' 

/V  (=)n)'}  +  \  (Ejn)  CT^  (£»p)  -  3  Q  (H,n)).  Cosh  {^(E,n)l  sin  , 

p(E,n)j  +  (3  k®  TE,n7  -  Q  ( E)n)  K'*  (E)n))  sinhf^(£)n)}  Cost 

+  4  Q  ^2  (E,n)  -  (E)n))  Cosh{^(E)n)3  Cos{l?  (£)n)}  +vl/12). 

(SK^^  (£,n).  q“^  (E,n)  +  S  (£)n)  (E,n)  -  34Q  (E,n)  (E)n)  sinh 
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E-Vj,>^2’^2^  ^  Vp  ~  E»  Vjj  is  the  potential  barrier 

encountered  by  the  electron)  e<  j  quantizing  magnetic  field 

along  z-dlrection)  n  is  Landau  quantum  nurabei)  e  is  electron  charge)  Q(E)n) 
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(n  +  i)_/  1^  (s  a  +  b  )  is  the  period  length)  4  is  the  interface 

width  and  ^  and  b^^  are  the  widths  of  the  barrier  and  well  respectively* 
rhe  use  of  (3)  leads  to  the  expression  of  field  emitted  currant  density 
and  the  electron  concentration  respectively  as 


J  =  K 


In  t  exp  (-^) 


n  =  0 


and  n  =  C„ 
o  o 


Si  +  J 
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is) 


n  =  0 


2  2^2 

wher€  =  e  B  kg'p^ATl  h  ,  is  Boltzmann  constantj  T  is  temperature  j 
t  (fjj  /.(,)=  Z"!  +  ®XP  )  +  2exp  (0^)  cos(^  o)  J ■  "  ^n^''''B^  ’ 

E-  is  the  Fermi  energy  in  the  present  case)  ^  is  obtained  from  the  quality 
AiEn)")  =0)  ho  ~  r  =  ri  kgT^)  Tjj  is  Dingle  temperature) 

-  ( t)n)_/'^A  V3eF  A  *  (£)n))  E  =  ‘^F  ”  ^n’  ^o  nork-fjnctlon) 

^  is  the  electric  field  along  Z-axiS)  prime  denotes  the  differentiation  w*r*t* 
Ep,  vfj’apeal  part  of  jT  {E)n),  E^  =  Ep  +1  T  )  U  2  = 
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eiyri  1 


,r  is  the  set  of  real  positive  integers,  = 


eiyri  ■^h  Ig  and^(2r)  is  zeta 


The  .Tiagneto-disparsion  iaw  of  the  bulk  specimens  cai  be  expressed  as 

k  ^/2ra*  +  (n  +  i)  ±  =  V- 

z  j  **  2-  j 

which  j  =  1  and  2,<U^.  =  etV.n  ^  9^  are  the  magnitudes  of  the  band  edge 

g-factors  for  KgTe  and  CdTe  respectively  ,/<.  is  3ohr  magnetion  (c)  = 
Z~4  A^J  Zr-Bg  +/PT^7  =  36^/126  £  ^  and 

<?  _  (E)  =  E  d  (i,  Eg^jA,,)*  The  basic  expressions  of  (4)  and  (5j  remain 
Same  where  ^  =  4  J^P  (SjJ^^/STeF^p^  (E),  p  (c)  ^ 

(n  +  1  i  9j  =•  Seal  part  oijp  U^)  and  =  e&'^|  ^ 

Jnder  the  conditions  and  Bg2  assume  the  well  known  form 


*  (n  ii  gj^B  =  E 

Under  the  conditions  ^>0  and  T^O  »©  get 
J  =  {eM/g„4f  exp  r  - f ,  J 

s  -  - 

which  is  the  well-known  Fowl  er-itordheim  fornula,  Z  11^» 
RESULTS  &  DISCUSSION 
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Using  equationa(4)  and  (5)  and  taking  the  parameters  Z~12 _/  "'j  =  0.025  m  , 

€  =2o€  ra*  =  0.043  m  =  .9ev,  E„~  =  .73eV,  T  =  4.2k,  T^  =  3K, 

30O2g  °e^  92  'J’ 

=  5A  ,  s^=  SOA,  =  40a  and  B  =  2  Tesla  we  have  plotted  the  field 

emitted  current  density  from  HgTe/CdTe  SL  as  a  function  of  n  as  shown  in 
plot  a  of  fig.  1.  The  simplified  Cases  forAg  =  0,  HgTe,  CdTe  and  parabolic 
energy  bands  are  showi  in  the  plots  b)C,d  and  e  of  fig.  1  respectively.  Ihe 
circular  plote  exhibits  the  experimental  results  as  given  elsewhere 
In  fig*  2  we  have  plotted  all  the  ateve  cases  as  functions  of  3  corresponding 
to  an  electron  concentration  of  iO^^  m~3. 


It  appears  from  Fig.  1  that  the  current  density  increases  with  increasing 
electron  concentration  in  an  oscillatory  manner  and  the  SL  structure  exhi¬ 
bits  the  greatest  value  of  the  current  density  as  compared  to  that  of  bulk 
specimens  of  the  constituent  materials  for  a  given  value  of  n^*  It  appears 
from  fig.  2  that  the  current  density  oscillates  with  B  and  the  appearance 
of  the  Ivmps  in  both  the  figures  are  due  to  SdH  effect.  Finally  we  should 
note  that  though  the  influence  of  image  face  and  many-body  effects  have  not 


B  (tesla) 


Fig*  2  Hot  a  siiows  the  magnetic  field  dependence  of  the  raagnoto-field 
emitted  current  density  from  HgTa/CdFe  SL  with  graded  sUuc^res*  Ihe 
plots  b,c,d  and  e  exhibit  the  same  dependence  foiC^g  -  0,  Hgib,  CdTe  ar  l 
parabillc  energy  bands  respectively* 
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been  oonsiderad  in  this  simplified  analysis^  our  theoretical  formation  is 
in  agreement  with  the  experimental  ooservation  as  reported  elsewhere  and  we 
have  obtained  the  famous  FOwler-Nordhim  fonsula  from  our  results  whtch  is 
also  an  indirect  test  of  our  simple  analysis* 
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MBE  GROWTH  AND  CHARACTERIZATION  OF  LWIR  HgCdTe 

M.B.  LEE.  J.  DECARLO.  D.  DIMAR2IO.  and  M.  KESSELMAN 

Grumman  Corporate  Research  Center,  Belhpage,  NY  11714-3580 

ABSTRACT 

We  have  grown  high-mobility  LWIR  HgCdTe  thin  films  on  CdTe 
substrates,  using  molecular  beam  epitaxy  (MBE).  The  structural,  optical, 
and  electrical  properties  of  these  epilayers  were  determined  by  SEM, 
DCRC,  FTIR,  and  Hall  effect  measurements.  For  films  of  10  to  11  pm 
thick  and  composition  X  value  ranging  from  0.152  to  0.172,  the  highest 
mobility  observed  was  7.5  x  105  crD?/\/-sec,  and  the  FWHMs  of  the 
rocking  curves  were  75  to  110  arcsec.  We  also  have  carried  out  the 
temperature-dependent  EXAFS  study  of  HgCdTe. 

INTRODUCTION 

In  spite  of  recent  advances  in  the  growth  of  other  materials  with 
long  wavelength  infrared  (LWIR)  detection  potential  [1,2],  HgCdTe 
remains  the  most  promising  detector  material  for  the  spectral  range  of 
8-12  pm.  Molecular  beam  epitaxy  (MBE)  is  a  growth  technique  in  which 
all  important  growth  parameters  can  be  precisely  controlled.  Therefore, 
it  is  ideally  suited  for  the  growth  of  LWIR  HgCdTe,  for  which  optimal 
deposition  conditions  must  be  carefully  maintained  for  long  growth 
periods. 

In  this  paper,  we  describe  the  experimental  conditions  for  MBE 
growth  and  the  procedures  used  for  epilayer  characterization.  The 
structural,  optical,  and  electrical  properties  are  summarized.  Finally, 
the  quality  of  these  epilayers  is  compared  with  other  published  results. 

EXPERIMENTAL  TECHNIQUES 

The  HgCdTe  epilayers  were  deposited  in  a  RIBER  2300  MBE  system  on 
1  cm  X  1  cm  CdTe  (100)  substrates  purchased  from  ll-VI  Corporation. 
Double  crystal  rocking  curve  (DCRC)  measurements  of  the  substrates 
indicated  that  the  FWHM  of  the  (400)  reflection  spot  was  about  50 
arcsec. 

The  substrates  were  degreased  and  etched  with  1.5  % 
bromine/methanol  solution  for  90  sec  prior  to  mounting  in  the  growth 
chamber.  Within  the  growth  chamber,  the  substrates  were  first  annealed 
at  320°C  for  90  min.  A  CdTe  buffer  layer.  0.5  pm  thick,  was  grown  on 
each  substrate  before  the  depositing  of  HgCdTe.  HgCdTe  epilayer 
deposition  was  carried  out  at  200‘’C,  and  the  substrate  temperature  was 
maintained  throughout  the  growth  period  to  within  0.2°C.  IR 
transmission  data  were  taken  with  a  Mattson  Cygnus  100  FTIR 
spectrometer,  which  uses  a  special  wafer-scanning  software.  The  Van 
der  Pauw  technique  was  used  to  measure  the  electrical  properties  of  the 
epilayers.  Indium  micro-ball  cold  wire  bonding  was  used  for  electrical 
connection  to  the  sample. 
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The  electrical  transport  properties  were  measured  over  a 
temperature  range  of  10  to  270  K  and  in  a  magnetic  field  from  1000  to 
8000  Gauss.  EXAFS  experiments  were  carried  out  at  the  National 
Synchrotron  Light  Source  (NSLS)  of  Brookhaven  National  Laboratory  over 
temperatures  ranging  from  10  K  to  300  K. 

RESULTS 

Table  I  summarizes  the  growth  conditions  for  three  LWIR  HgCdTe 
epilayers  that  will  be  discussed  in  this  paper.  The  growth  conditions  for 
all  three  samples  were  identical  except  for  Hg  flux,  which  was 
deliberately  varied  to  study  its  influence  on  bandgap. 

The  epilayer's  thickness  was  measured  directly  using  a  Tencor 
Instruments  model  Alpha  2000  surface  profiler,  which  has  ultimate 
resolution  of  40  A. 

A  SEM  photo  of  sample  MCT27  is  shown  in  Fig.  1 :  characteristic 
pyramidal  hillock  structures  are  clearly  observed.  Samples  MCT28  and 
MCT29  also  exhibit  these  hillock  structures.  Similar  features  have  been 
observed  for  MBE  growth  of  HgCdTe  along  the  (100)  orientation  and  have 
been  previously  reported  [3,4]. 

Surface  density  of  these  defects  for  the  epilayers  is  listed  in  Table 
II.  The  values  in  Table  II  are  comparable  to  previous  work  [4]  that 
reported  the  hillock  structure  density  ranging  from  lO'*  to  105/cm'2  on 
HgCdTe  films  grown  on  CdZnTe  substrates. 


( - (  10  /<m 

Fig.  1  SEM  picture  of  MCT  27  showing 
pyramidal  hillock  structures. 

Table  II  Characterization  Result  Summary 


X 

— 

DCRC, 

ARCSEC 

HILLOCK  DENSITY. 
cm'2 

MOBILITY, 

cm^AZ-SEC 

CARRIER  CONC, 
cm‘3 

0.153 

75 

7,6  X  10^ 

9.2  X  10^ 

2  X  10^5 

0.160 

110 

1,0  X  10® 

7.5  X  105 

4.8  X  10^5 

0.172 

100 

7.7  X  10^ 

6.0  X  105 

3.4  X  10^5 
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Figure  2  shows  the  FTIR  transmission  spectrum  measured  near  the 
center  of  one  of  the  three  epilayers.  The  spectrum  exhibits  a  sharp  onset 
of  transmission  in  the  LWIR  spectral  range,  indicating  good 
compositional  uniformity  along  the  growth  direction.  The  FTIR  spectra 
of  the  other  two  samples  also  exhibit  a  sharp  transmission  onset.  From 
these  spectra,  the  epilayer  bandgap  is  assumed  to  be  the  energy 
corresponding  to  an  absorption  coefficent  of  500  cm'^. 

Composition  X  value  is  then  determined  from  the  bandgap  by  applying 
the  equation  used  by  Hansen  et  at.  [5]. 

The  FTIR  spectrometer  also  was  used  to  obtain  wafer-scanning  IR 
transmission  profiles  by  measuring  the  spectrum  at  1.0  mm  intervals 
across  the  samples.  The  spot  size  was  slightly  less  than  1  mm  in 
diameter.  Due  to  the  dimensions  and  the  geometry  of  the  present  sample 
mount,  the  scanning  profile  is  limited  to  a  circular  area  about  5  mm  in 
diameter.  Figure  3  is  an  example  of  an  IR  transmission  profile.  As 
indicated  in  the  figure,  the  X  value  of  the  epilayer  is  uniform  to  within 
0.003  for  up  to  2.5  mm  from  the  center  of  the  wafer. 

Figure  4  shows  the  double  crystal  rocking  curve  measurement  result 
for  sample  MCT  27.  The  FWHM  of  the  (400)  reflected  beam  is  about  75 
arcsec;  for  samples  MCT  28  and  MCT  29,  it  is  110  arcsec  and  100  arcsec, 
respectively. 

The  electrical  properties  of  the  three  epilayers  measured  at  20  K  also 
are  summarized  in  Table  II.  All  are  n-type  and  show  high  mobility  at 
20  K. 

Hall  effect  measurements  also  were  carried  out  over  a  wide  range  of 
temperature  and  magr^etic  field.  Figure  5  shows  the  variation  of  mobiity 
and  carrier  concentration  for  MCT  29  from  10  K  to  270  K  at  a  magnetic 
field  of  8000  G.  Hall  measurements  of  MCT  29  over  the  same 
temperature  range  but  at  lower  magnetic  fields  gave  results  nearly 
identical.  The  electrical  measurements  for  MCT27  and  MCT28  indicate 
high-quality  n-type  material. 


380 


ANGLE,  arcsec  Pg  5  Electron  concentration  and  mobility  vs 

Fig.  4  Double  crystal  X-ray  rocking  curve  for  MCT27.  temperature  ot  MCT28  measured  at  8000  Gauss. 


DISCUSSION 

As  shown  in  Fig.  1,  our  epilayers  exhibit  pyramidal  hillock  structures. 
Most  of  these  structures  are  similiar  in  size,  which  increases  with  the 
thickness  of  an  epilayer.  These  features  are  consistent  with  those 
observed  in  previous  studies  [4].  The  origin  of  these  structures  also  has 
been  discussed  elsewhere  [3,4]. 

As  shown  by  Fig.  2,  the  samples  we  studied  exhibit  an  onset  of  IR 
transmission  that  is  sharper  than  for  LWIR  HgCdTe  recently  described 
[6].  If  we  define  the  wavelength  at  which  IR  transmission  intensities 
are  reduced  to  25  %  of  maximum  as  the  cutoff  wavelength,  then  the 
cutoff  wavelengths  for  samples  MCT27,  MCT28,  and  MCT29  are  11.7  pm, 
9.6  pm,  and  9.3  pm,  respectively. 

The  compositional  uniformity  of  our  epilayers  is  as  good  as  some  of 
the  latest  published  results  [6,7],  although  the  area  covered  by  our  IR 
scanning  profile  is  not  as  large. 

Significantly,  however,  we  have  shown  that  the  cutoff  wavelength  for 
LWIR  HgCdTe  can  be  fine-tuned  simply  by  varying  the  Hg  flux. 
Furthermore,  this  was  accomplished  while  maintaining  the  sharpness  of 
the  transmission  onset. 

The  DCRC  results  for  our  epilayers  are  comparable  to  some  of  the 
published  results  [6,8],  but  clearly  inferior  to  the  best  published  DCRC 
results  [9,10,11].  Since  the  FWHM  of  our  CdTe  substrates  was  at  least 
50  arcsec,  the  peak  width  for  our  epilayers  might  be  limited  in  part  by 
the  quality  of  our  substrates. 

The  mobilities  we  observe,  especially  for  MCT28  and  MCT29.  are 
comparable  to  the  best  published  mobility  data  for  n-type,  undoped 
HgCdTe  to  date  [11].  Furthermore,  all  three  samples  show  well-behaved 
electrical  properties  for  a  wide  range  of  temperature  and  magnetic 
field. 


CARRIER  CONCENTRATION,  cm-- 
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In  an  attempt  to  further  characterize  our  material,  we  have  recently 
measured  the  extended  x-ray  absorption  fine  structure  (EXAFS)  of  Hg, 
using  the  Lm  absorption  edge  in  HgCdTe  thin  film  as  well  as  HgTe  (x>0)  . 
EXAFS  has  already  proven  to  be  a  powerful  tool  for  determining  the  local 
structure  in  ternary  semiconductor  compounds  [12], 

EXAFS  was  measured  for  each  sample  as  a  function  of  temperature 
from  13  K  to  300  K. 


Figure  6  shows  the  radial 
distribution  function  (Fourier 
transform  of  the  EXAFS  data)  of 
consecutive  atomic  shells 
surrounding  the  Hg  atoms  in 
sample  MCT28.  At  300  K,  only  the 
first  (nearest  neighbor)  Hg-Te 
shell  is  observed,  while  at  13  K 
the  Hg-Hg,  Cd  second  shell  and  the 
Hg-Te  third  shell  appear.  The 
large  peaks  in  Fig.  6  agree  with 
theoretical  predictions  for  a 
zincblende  lattice.  The  difference 
in  the  Debye-Waller  disorder 
parameter,  Ao^,  for  the  Hg-Te 
first  shell  between  300  K  and  13  K 
is  0.00728  A2.  This  indicates  that 
a  significant  amount  of  thermal 
disorder  exists  in  this  material  at 
room  temperature  (A a 2  of  Pt  is 
0,00299  A2  [13]). 
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Fig.  6  Hg  edge  EXAFS  spectrum  ot  MCT28 
taken  at  300  K  and  13  K. 


There  is  also  a  significant  degree  of  anharmonicity  in  the  interatomic 
potential  at  300  K  as  derived  from  bond  length  analysis.  For  the  HgTe 
(x=0)  thin  film,  the  bond  length  change  with  temperature  is  insignificant, 
consistent  with  the  thermal  expansion,  but  for  the  three  MCT  epilayers 
there  is  an  apparent  decrease  in  the  average  first  shell  Hg-Te  bond  length 
of  about  0.03  ±  01  A  from  300  K  to  13  K.  The  first  shell  Hg-Te  bond  length 
at  300  K  was  found  not  to  change  significantly  as  the  composition  X  varied 
from  X  -  0  to  X»  0.17. 

-  A  detailed  analysis  of  the  EXAFS  data,  including  a  temperature- 
dependent  analysis  of  the  Debye-Waller  parameter  to  separate  thermal 
from  static  disorder,  determination  of  the  relative  bond  strengths,  and  a 
full  account  of  the  relative  bond  length  changes  in  these  materials,  will 
be  presented  in  a  future  publication  [14]. 
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CXDNCUJSION 

We  described  procedures  for  MBE  growth  of  LWIR  HgCdTe  with  cutoff 
wavelengths  raging  from  9.3  pm  to  11.9  pm  and  thicknesses  of  10  to  11 
pm.  Comprehensive  characterization  of  these  epilayers  shows  that  they 
are  compositionally  uniform,  are  of  good  crystal  quality,  and  possess 
excellent  electrical  properties. 
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abstract 

Free-carrier  induced  third-order  optical  nonlinearities  can  be  both  large 
and  fast  in  narrow-gap  semiconductors.  We  have  studied  a  variety  of 
mechanisms  in  bulk  semiconductors  and  heterostructures  using  CO2 
lasers  and  found  third-order  susceptibilities  as  large  as  2x10'^  esu  with 
picosecond  relaxation  times.  These  mechanisms  saturate  at  much  higher 
intensities  than  do  slower  mechanisms  and  hence  induce  huge  modu¬ 
lations  of  the  dielectric  function.  In  addition,  most  of  these  processes 
are  nonresonant  so  they  do  not  require  the  exact  matching  of  material 
parameters  and  are  relatively  insensitive  to  temperature. 


1  INTRODUCTION 

The  first  observation  of  a  third-order  nonlinearity  caused  by  a  free-carrier  process  in 
semiconductors  was  made  by  Patel  et  al.'  These  modest  nonlinearities  in  n-lnSb,  n-GaAs  and 
n-lnAs  were  explained  by  Wolff  and  Pearson  as  resulting  from  the  nonparabolicity  of  the 
conduction  band.^  The  nonlinearity  was  very  fast,  relaxation  times  in  the  picosecond  range, 
but  fairly  weak.  Hence,  for  many  years,  it  was  believed  that  fast  processes  such  as  these  were 
intrinsically  weak.  Our  studies  have  shown  that  this  is  not  the  case.  There  are  several  f ree-carrier 
processes  which  are  both  fast  and  moderately  large.  We  have  observed  of  2x10  ’  esu  with 
picosecond  relaxation  times  in  Hgo  j^Cdp  ieTe  epilayers  with  a  near-zero  bandgap.  Similar 
nonlinearities  have  been  found  in  other  II-VI  epilayers. 

The  major  free-carrier  processes  that  we  have  investigated  rely  on  a  modulation  of  the 
free-carrier  dielectric  function.  In  narrow  bandgap  semiconductors,  the  important  mechanisms 
are 


1.  Nonparabolicity  of  the  energy  bands. 

2.  Excitation  of  interband  transitions. 

3.  Excitation  of  intervalence  band  transitions. 

4.  Energy  dependence  of  carrier  scattering. 

These  mechanisms  have  been  observed  in  both  bulk  and  epitaxially  grown  semiconductors. 
Enhanced  nonparabolicity  due  to  superlattice  structure  has  also  been  observed  in  various  narrow 
gap  superlattices.’ 

Free-carrier  nonlinearities  have  a  number  of  features  that  are  very  desirable  for  device 
applications.  Most  processes  have  very  fast  relaxation  times,  so  they  are  well  suited  to  devices 
where  speed  is  critical.  They  also  do  not  tend  to  saturate  at  high  power.  Since  most  of  the 
processes  are  non-resonant,  there  are  not  stringent  requirements  placed  on  material  parameters 
and  they  are  fairly  insensitive  to  temperature  changes. 
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Tabic  1.  Figures  of  Merit  for  Third-Order  Optical  Noallaearltles  la  Scailcouductors 


Medium 

Nonlinear 

Mechanism 

T(K.) 

a(») 

(esu) 

o(cm->) 

ffsec) 

x(»Vor 

Hgo.MCdo.ieTe 

interband'* 

80 

2x10* 

3000 

5x10-’* 

9x104 

HgTe 

interband* 

300 

2x10-4 

3400 

5x10’* 

9x10* 

n-lnSb 

nonparabolicityte 

2 

2x10-* 

2 

4x10’* 

3x104 

P"Hgo.78Ct*0  ss^* 

intervalence* 

300 

8xl0-« 

48 

2xl0->* 

8x10* 

p-GaAs 

intervale  nce^ 

300 

lxlO-» 

5000 

5x10-’* 

4x10* 

n-Si;P 

impurity** 

300 

3x10-* 

700 

1x10’* 

4x10* 

Hgo  TTCdojjSe.'Fe 

impurity** 

80 

1x10-® 

90 

8x10” 

2x104 

InSb* 

band  filling^* 

80 

3xl0-‘ 

70 

4x10* 

1x104 

Hgo.raCdo.iiTe 

band  filling*’ 

80 

6 

24 

3x10-* 

8x104 

P-H8o.7aCdo.ijTe 

band  filling*® 

80 

5x10* 

8 

3x10* 

2x10* 

Ge 

valence  electron” 

300 

IxI0-“ 

0.01 

lxl0-’4 

IxlO* 

GaAs/GaAIAs** 

free  exciton* 

300 

4x10* 

12000 

2xl0-» 

170 

•  A  «  5.4  pm 
>>  A  ■  0.84  pm 


2  THIRD  ORDER  FREE-CARRIER  INDUCED  NONLINEARITIES 

Free-carrier  nonlinearities  are  caused  by  a  modulation  of  the  free-carrier  dielectric 
function 


c 


^  4n\’,e’ 
y  m]co* 


(1) 


This  modulation  can  be  accomplished  by  changing  the  occupation  of  states  and  by  promoting 
carriers  to  states  with  different  effective  masses  or  scattering  rates. 

We  will  use  the  following  plane-wave  expansion  for  the  total  electric  field  driving  the 
dielectric  function. 


E(X.0*  Z^(E,exp(-luj,t)*c.c.].  (2) 

4  t 

Under  this  convention,  the  intensity  is  given  by  /-cnolE|*/8n 

So  that  we  can  treat  nondegenerate  four-wave  mixing,  we  will  assume  that  the  incident 
light  consists  of  two  different  frequencies  ti>i  and  W],  Hence,  the  laser  can  modulate  the  dielectric 
at  the  difference  frequency.  This  can  be  utilized  to  measure  the  relaxation  time  of  the  nonlinear 
process. 

The  ith  component  of  the  nonlinear  polarization  is  given  by 

(3) 

The  factor  3  in  the  definition  of  F(^l  arises  from  the  requirement  that  the  polarization  be 
invariant  to  spatial  symmetry  operations*.  Now,  let  us  take  if  to  be  any  parameter  in  the 
dielectric  function  that  can  be  modulated  by  the  incident  electric  fields.  X  can  either  be 
modulated  directly,  or  indirectly  through  carrier  heating.  This  leads  to  a  modulation  of  e  of 
the  form 


6€-(a€/aJf)6A-  l2nx*”E,  E;. 


(4) 
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For  the  case  of  direct  modulation,  a  simple  kinetic  equation  can  be  used  to  describe  the 
steady  state  response  of  X  for  dissipative  nonlinearities.  We  will  concentrate  primarily  on 
nonlinearities  whce  dissipation  is  important  because  they  tend  to  have  that  are  much 
larger  than  those  where  dissipation  is  small.  When  the  difference  frrqaer.cv  C.  the  ratio 
of  the  dissipative  to  the  nondissipative  effect  is  of  the  order  of  the  ratio  of  the  energy  to 
momentum  relaxation  times  The  equation  of  motion  for  the  parameter  X  is 


ai  *  X  ”  8n  ‘ 


•Ejexp(-iAujt), 


(5) 


where  a  is  the  absorption  coefficient  responsible  for  the  modulation  of  Jf,  f  is  the  efficiency 
of  the  process,  and  r  is  the  relaxation  time  of  the  nonlinear  mechanism.  If  we  assume  X  to 
be  modulated  at  the  difference  frequency  Aiu  -  W|-Wj,  then  we  immediately  obtain  an  expression 
for  x(*' 


- - fill  (6) 

96n*(l  - } 

The  parameter  X  can  also  be  modulated  by  laser  induced  fluctuations  in  the  carrier  energy. 
In  most  cases  it  is  proper  to  identif y  the  carriers  with  a  temperature  because  the  rate  of  energy 
flow  from  the  carrier  to  the  lattice  is  quite  small  compared  to  the  carrier-carrier  collision  rate. 
Hence,  we  will  assume  that  the  carriers  have  an  equilibrium  temperature  of  T  and  the  lattice 
has  an  equilibrium  temperature  of  T],.  This  then  allows  us  to  write  the  following  kinetic 
equation  for  carriers  being  heated  by  the  incident  lasers 


at  *  T,  Ji  »T  ] 


8n 


E, 


Ejexp(-iAu>l). 


(7) 


where  (a4W/5T)  •  Cy,  the  specific  heat  of  the  carriers,  and  is  the  thermalization  time.  Since 
the  carrier  temperature  is  modulated  at  Aw  we  obtain  this  equation  for  x**^ 


tcn„ax  f  ‘ 

96n*(l  J\C,ir  ) 


(8) 


Some  important  points  should  be  made  about  these  basic  equations  for  the  third -order 
nonlinear  susceptibility.  From  Eq.  (1)  and  Eqs.  (7-g)  we  see  that  x^*)  is  inversely  proportional 
to  the  effective  mass  m*.  Hence  narrow  band  gap  semiconductors,  with  their  small  effective 
masses,  generally  have  fairly  large  third-order  susceptibilities.  Also,  note  that  x^’)  is  proportional 
to  a  and  r.  This  means  that  materials  with  large  absorptions  and  long  relaxation  times  tend 
also  to  have  large  nonlinearities.  What  makes  the  free-carrier  mechanisms  that  we  have  studied 
so  interesting,  is  that  we  have  observed  targe  x^^^'s  with  fairly  small  absorption  and  picosecond 
relaxation  times. 

The  (1-iAwr)  in  the  denominator  shows  that  all  mechanisms  will  exhibit  some  dispersion 
in  x^’)  83  a  function  of  Aw.  The  relaxation  time  of  the  nonlinear  mechanism  can  be  determined 
by  taking  advantage  of  this  dis(>ersion  and  measuring  the  four-wave  signal  as  a  function  of 
Aw.  It  is  clear  from  Eq.  (()  that  the  four-wave  signal  will  experience  a  roll-off  when  Awr  m 
I.  For  Awr  »  I  the  carriers  are  driven  in  a  ’sloshing*  mode.  The  carriers  are  perturbed  in 
velocity  space  by  the  incident  electric  field.  In  this  nondissipative  mode,  the  carriers  and  the 
field  interchange  energy  without  loss.  It  is  this  mode  that  Patel,  et  al  observed  ‘  and  Wolff  and 
Pearson  described’.  This  was  thought  to  be  the  only  mode  until  Yuen*”  discovered  a  large 
dispersion  of  x^*'  in  Aw  in  n-lnSb. 

When  Awr  «  I,  the  electrons  enter  a  new,  dissipative  mode.  This  'breatning  mode’ 
results  because  there  is  now  an  irreversible  flow  of  energy  from  the  electric  field  to  the  carriers 
to  the  lattice.  Both  modes  contribute  to  the  nonlinearity,  but  the  ’sloshing’  mode  dominates 
for  Awr  »  I  and  the  ’breathing'  mode  dominates  for  Awr  «  1. 
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Tabic  2.  Relaxatloa  Timet  Measured  by 
Noadegcaerate  Four-Wave  Mixiog  Experi- 
aicatt  Compared  to  Theoretical  Predictloos 


•  Reference  7 
Reference  10 

*  Reference  25 
Reference  23 


Figure  1.  Four-wave  mixing  signal  in 
"-Hgo  TtCdo  jaTe  at  2K  as  a  function  of  the 
difference  frequency  for  two  polarization 
configurations.  The  nonlinear  mechanism  is 
conduction  band  nonparabolicity. 

The  electric  field  of  the  lasers  interact  with  the  carriers  through  p>A  term  in  the 
Hamiltonian.  So,  for  a  dissipative  process  at  finite  it  is  required  that  Ei'EjUO.  This  is 
because  when  the  fields  are  perpendicular,  there  is  no  cross  term  of  the  form  Ej*Ej’e‘'^"*. 
Hence,  there  will  be  no  modulation  of  the  carriers  at  the  difference  frequency  and  consequently 
the  dissipative  effects  described  in  Eqs.  (5)  -  (8)  will  disappear.  Nondissipative  processes  such 
as  those  observed  by  Patel  et  al^  will  still  be  observable,  however  the  magnitude  of  the  signal 
will  be  decreased  by  a  factor  of  nine. 

3  EXPERIMENTAL  SETUP 

We  are  able  to  perform  both  non-degenerate  and  degenerate  four-wave  mixing  exijeri- 
ments.  Figure  2  gives  a  schematic  of  the  experimental  setup.  The  laser  source  is  a  pair  of 
line  tunable,  synchronously  Q-switched  COj  lasers.  The  pulse  length  is  120  nsec  and  they  are 
capable  of  producing  intensities  at  the  sample  of  I  MW/cm>.  When  the  lasers  are  operating  at 
two  different  frequencies  U)  and  Uj,  the  minimum  difference  frequency  Aw  is  1.38  cm't.  This 
is  limited  by  the  spacing  of  the  COj  lines.  The  light  from  the  lasers  can  be  polarized  parallel 
or  perpendicular  to  each  other.  Also,  by  using  a  polarizer,  the  laser  polarization  can  be  rotated 
to  any  arbitrary  angle.  This  technique  is  used  in  studies  of  superlattices.  The  four-wave  signal 
is  at  W]  »  2wi-W]  and  it  is  separated  from  the  pump  beams  by  a  double-pass  spectrometer.  A 
Cu:Ge  detector  is  then  used  to  observe  the  signal. 

In  the  non-degenerate  configuration,  a  piece  of  optical  grade  Ge  is  used  as  a  reference. 
This  allows  us  to  obtain  absolute  values  for  Unfortunately,  there  is  some  uncertainty 
regarding  the  value  of  for  intrinsic  Ge.  Values  of  I.OxlO'*®  esu”  and  2.5x10-“  esu“  have 
been  reported.  We  use  the  larger  value  as  a  reference  because  it  is  the  most  widely  quoted  and 
is  much  closer  to  the  theoretical  value  of  8.1xl0'i*  esu.**  The  four-wave  signal  is  referenced 
to  the  Ge  by  using** 
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2S6n* 


(9) 


where  Ij  and  I]  are  the  laser  intensities,  L  is  the  thickness  of  the  nonlinear  medium,  is  the 
trans.nission  at  the  sample  surface  and  a  is  the  total  absorption  coefficient. 


(0) 


lt>) 

Figure  2.  Schematic  of  experimental  s^tup;  (a)  nondegenerate  four-wave  mixing,  tb)  degenerate 
four-wave  mixing 

The  degenerate  configuration  is  useful  for  studying  samples  that  have  relaxation  times 
so  slow  that  Aon-  >  1  even  for  Aw  -  1.38  cm"*.  The  probe  beam  makes  an  angle  of  approximately 
5’  with  respect  to  the  two  counterpropagating  pump  beams  and  is  about  20  times  weaker.  T .  ; 
four-wave  signal  reflected  along  the  direction  of  the  probe  beam  is  separated  with  a  beam 
splitter.  The  Ge  reference  cannot  be  used  in  this  case  because  the  different  thickness  of  the 
Ge  and  the  sample  make  comparisons  unreliable.  Instead,  the  magnitude  of  the  four-wave 
signal  is  referenced  to  the  reflected  intensity  when  the  sample  is  replaced  by  a  mirror.  This 
reflectivity  is  given  by*^ 


(1  *af/2)' 


(10) 


Proper  sample  preparation  is  very  important.  The  bulk  samples  are  polished  on  both 
sides  and  the  light  is  incident  normal  to  the  crystal  surface.  If  Fabry-Perot  interference  proves 
to  be  a  problem,  the  back  side  of  the  sample  is  roughened  to  minimize  reflections. 


4  NONLINEAR  PROCESSES 
A  ENERGY  BAND  NONPARABOUCITY 

One  of  the  best  known  free-carrier  optical  nonlinearities  is  that  produced  by  the  non- 
parabolicity  of  the  energy  bands  As  the  carriers  are  heated  by  the  incident  laser  radiation, 

their  effective  masses  change.  This  leads  to  a  modulation  of  the  dielectric  function  resulting 
in  an  optical  nonlinearity. 

In  the  two-band  model,  the  effective  mass  of  the  electrons  can  be  approximated  by*° 
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m*  mid  ♦p*/mof  ,) 
The  third  order  nonlinear  susceptibility  is  then  given  by 


cnofl  a,tr 


12nmi<A)*f,d  -iAu)T 


4—^ 


(1*4£, /£,)•'■ 


(12) 


where  Ef  is  the  Fermi  energy  and  Of  -  4»Ne*/n>o*i‘'*cnorT  **  •*>*  ff®*  carrier  absorption 
coefficient.  The  second  term  on  the  righthandsideof  Eg.  (12)  results  from  resonant  enhancement 
as  the  laser  frequency  approaches  the  band  gap. 

The  third  term  in  Eq.(12  comes  from  averaging  over  the  carrier  velocity  distribution. 
The  carriers  near  the  Fermi  en  ^y  have  a  larger  contribution  to  the  nonlinear  process  and  the 
average  effective  mass  is  quite  different  from  the  band-edge  value.  This  effect  is  important 
in  heavily  doped  semiconductors. 


Figure  3.  Four-wave  mixing  signal  versus  Aw 
due  to  nonparabolicity  in  the  conduction 
band  of  n-InSb.  The  solid  curves  were 
generated  from  Eq.(l2)  using  measured 
relaxation  times 


Figure  4.  Four-wave  mixing  signal  versus  Au 
due  to  interband  transitions  in  HgTe  at  80K. 
The  increase  in  the  four-wave  signal  at  small 
Au  is  due  to  thermal  population  modulation, 
while  the  tailing  off  of  the  signal  at  large  Aw 
is  due  to  direct  interband  recombination. 


We  have  observed  optical  nonlinearity  due  to  band  nonparabolicity  in  bulk  n-type  GaAs, 
GaSb,  HgCdTe,  HgMnTe  as  well  as  InSb/InAISb  and  GaAs/GaAlAs  superlattices  at  temperatures 
from  2K  to  300K.  In  all  our  experiments,  the  relaxation  times  were  on  the  order  of  a  few 
picoseconds.  This  is  much  shorter  than  the  relaxation  times  reported  using  low  power  transport 
measurements  in  InSb.  The  difference  is  caused  by  the  fact  that  in  our  experiments  the  electrons 
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are  heated  by  the  laser  to  20K  to  30K  even  when  immersed  in  liquid  helium.  When  the  electrons 
are  hot,  they  can  relax  by  the  more  efficient  process  of  optical  phonon  emission.  Hence  the 
relaxation  time  is  very  short. 

B  INTERBAND  TRANSITIONS 

In  narrow  gap  semiconductors,  optical  nonlinearities  arising  from  interband  transitions 
can  be  driven  either  directly  by  the  absorption,  or  indirectly  by  the  modulation  of  the  carrier 
temperature. 

The  direct  modulation  of  the  carrier  populations,  commonly  known  as  band 
filling*^’**'**'^®^',  is  the  only  important  mechanism  in  materials  where  the  band  gap  is  large 
compared  to  the  carrier  temperature.  The  nonlinear  susceptibility  follows  immediately  from 
Eq  (8). 


24nfta)’m‘(l  -iAojt,)’ 

where  Oj  is  the  interband  absorption  coefficient  and  rn  is  the  interband  recombination  time. 
Band  filling  effects  have  been  observed  in  InAs,  InSb>^  and  HgCdTe.** 

If  the  band  gap  is  only  somewhat  larger  than  the  carrier  temperature,  then  population 
fluctuations  can  be  driven  by  the  laser  heating  of  the  carriers,  prom  Eq  (8)  we  see  that 


X 


(3) 


cngat,  1  aNg 

24nm‘cu’(l  -jAu>T,)C.  >T 
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where  a  is  the  total  absoiption,  including  both  interband  and  free  carrier. 

We  have  observed  optical  nonlinearities  due  to  both  direct  and  indirect  carrier  population 
modulation.  Their  relative  strengths  depend  on  the  interband  recombination  time  and  the 
thermal  relaxation  time. 

The  variation  with  signal  of  the  four-wave  power  in  HgTe  at  80K  (Figure  4)  shows  the 
existence  of  these  two  processes.  At  small  the  signal  increases  as  l/(Au>^.  This  is  caused 
by  the  thermally  modulated  population  fluctuations.  A  degenerate  four-wave  mixing  experiment 
has  allowed  us  to  estimate  the  momentum  relaxation  time  for  this  process  to  be  about  5  psec. 
As  Au  increases,  the  four-wave  signal  becomes  constant.  This  indicates  the  existence  of  another 
faster  but  weaker  nonlinear  process.  We  have  attributed  this  to  direct  interband  transitions 
with  a  relaxation  time  of  about  0.3  psec. 

In  superlattices,  one  could  also  utilize  intersubband  transitions  to  drive  optical  nonlin¬ 
earities.*  These  transitions  would  be  formally  very  similar  to  the  interband  transitions  mentioned 
previously.  While  intersubband  induced  nonlinearities  have  not  yet  been  observed,  it  is  predicted 
that  they  should  have  very  large 


C  i.NTERVALENCE  BAND  TRANSITIONS 

The  carrier  population  distribution  can  be  modulated  by  intervalence  absorption  which 
promotes  holes  from  the  heavy-hole  to  the  light-hole  band.  In  this  mechanism,  the  laser  is 
directly  modulating  the  heavy  hole  Ng,  and  light  hole  Ny  populations  such  that  SNy  -  -SNy^.  This 
immediately  gives  from  Eq.  (6) 


X 


(3) 


cng«»a»T,.  f  J _ 1_'\ 

24ft<u’{l 


(15) 


where  on,  is  the  intervalence  band  absorption  and  ru,  is  the  relaxation  time  from  the  light  to 
the  heavy  hole  band. 

This  mechanism  has  been  observed  in  p-type  GaAs,  Ge  and  HgCdTe  and  the  measured 
values  for  agree  well  with  Eq.  (IS). 
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D  CARRIER  SCATTERING 

All  of  the  above  mentioned  mechanisms  are  based  on  the  modulation  of  the  real  part  of 
the  dielectric  function.  However,  if  the  carrier  scattering  rate  has  an  energy  dependence,  then 
it  also  can  be  the  basis  for  a  nonlinearity.  This  mechanism  was  first  proposed  by  Kaw’^,  who 
suggested  a  case  where  the  scattering  rate  changes  abruptly  with  energy.  We  have  observed 
two  different  mechanisms  which  are  based  on  impurity  levels. 

The  first  mechanism  is  based  on  the  presence  of  resonant  scattering  levels  in  HgCdSe 
doped  with  By  choosing  the  proper  composition,  the  impurity  levels  can  be  made  to 

lie  inside  the  conduction  band.>*  We  have  observed  a  large  optical  nonlinearity  in  a  HgCdSe 
sample  with  the  Fe^'^  state  73  meV  above  the  conduction-band  edge.  This  nonlinearity  was 
absent  in  a  similar  sample  where  the  Fe^'^  state  was  located  inside  the  band  gap. 


Figure  S.  Four-wave  signal  versus  Au  due  to  Figure  6.  Electronic  density  of  sutes  in  a 

intervalence  band  transitions  in  p-GaAs.  The  system  with  a  resonant  scattering  level  at  £ 

solid  curves  were  generated  from  Eq.(l$)  •  E,j. 

using  measured  relaxation  times 


A  peak  in  the  density  of  states  (Figure  6)  is  created  by  the  existence  of  an  impurity  level 
inside  the  conduction  band.  The  electrons  experience  a  huge  increase  in  scattering  when  they 
are  near  E^.  The  lasers  can  create  a  temperature  modulation  that  drives  the  electrons  in  and 
out  of  this  range.  This  then  causes  a  modulation  in  the  dielectric  function. 

Using  the  Anderson  model  to  calculate  the  conductivity  in  the  presence  of  a  resonant 
scattering  level,  we  arrive  at 

,3,  .  2cnoe^a,TTf  ,A^ _ f 

’‘■"'"'27n'm'ftui=(l  fr  Jl  P(f,)  Ju(f . -  f A"]' 
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where  Ed  is  the  location  of  the  impurity  level  above  the  conduction-band  edge,  A  is  its  width 
and  p(E)  is  the  band  density  of  states  of  energy  E.  We  can  obtain  a  theoretical  value  for 
by  fitting  the  theoretical  absorption  with  the  measured  absorption.  This  gives  us  A  -  12meV 
and  ■  6x10''^  esu.  This  agrees  well  with  the  measured  value  of  lxl0~*  esu  in  the 
Hgo.T7Cdo.jsSe:Fe  sample. 

The  second  nonlinear  mechanism  based  on  the  modulation  of  carrier  scattering  was 
observed  in  n-Si:P.  Si  is  normally  regarded  as  a  very  linear  material.  However,  as  the  doping 
density  was  increased  through  the  metal -insulator  transition,  we  observed  a  peak  in  the  optical 
nonlinear  susceptibility  per  carrier.^^  The  variation  of  P«t  carrier  with  doping  density  is 
nearly  quadratic,  fhis  is  consistent  with  a  scattering  mechanism  where  there  is  an  excitation 
of  an  electron  from  a  localized  state  (i.e.  one  strongly  influenced  by  the  impurity)  to  a  delocalized 
state  (i.e.  one  weakly  influenced  by  the  impurity). 

5  HETEROSTRUCTURE  EFFECTS 

All  of  the  above  data  is  from  bulk  semiconductors  and  uniformly  grown  epilayers.  As 
such,  the  magnitude  of  the  effects  are  limited  by  the  natural  material  characteristics.  Superlattices 
allow  more  freedom  to  design  the  crystal  band  structure  in  such  a  way  as  to  maximize  non- 
linearities.  The  mechanisms  at  work  in  a  superlattice  are  essentially  the  same  as  those  discussed 
in  Section  4.  The  only  new  mechanism  is  intersubband  transitions.  Intersubband  transitions 
are  of  the  same  character  as  the  interband  transitions.  The  only  modification  needed  is  that 
in  Eq.  (13)  a  must  now  refer  to  the  intersubband  absorption  and  r  is  the  intersubband 
recombination  time.  The  real  difference  lies  in  the  fact  that  we  can  to  some  extent  tailor  the 
crystal  bandstructure  to  suit  our  needs. 

Currently,  we  are  exploring  the  enhancement  of  several  different  nonlinear  processes  in 
narrow  band  gap  superlattices.  An  enhancement  in  the  nonparabolicity  nonlinearity  has  been 
observed  in  an  InSb/InAlSb  and  a  HgTe/HgCdTe  superlattice. 

We  also  report  here  for  the  first  time  an  enhancement  of  the  nonlinearity  in  thin,  n-type 
epilayers.  In  n-type  GaAs  and  InSb  epilayers  we  have  observed  a  x**^  10  to  50  times  larger 
than  that  found  in  bulk  samples  of  comparable  doping  levels. 

A  ENHANCEMENT  OF  NONPARABOLICITY 

The  nonparabolicity  of  the  energy  bands  in  superlattices  can  be  increased  over  that  found 
in  the  constituent  bulk  materials.  The  coupling  between  the  light  and  the  carriers  is  given  by 
the  matrix  element  p<A  where  A  is  the  vector  potential  of  the  light  and  p  is  the  momentum  of 
the  electron.  Clearly,  any  enhancement  due  to  the  superlattice  modification  of  the  band  structure 
will  only  be  observed  for  light  polarized  in  the  superlattice  growth  direction.  Light  polarized 
parallel  to  the  superlattice  layers  will  only  probe  the  bulk  bands  of  the  various  layers.**  Hence, 
to  observe  the  enhancements  in  x^’)  to  the  superlattice  structure,  a  technique  different 
from  that  used  for  bulk  samples  must  be  used. 

In  order  to  observe  the  effects  of  superlattice  structure,  the  incident  light  must  have  a 
substantial  polarization  component  along  the  growth  direction.  One  method  that  we  have  used 
to  achieve  this  is  end  firing.  With  end  firing,  the  light  is  brought  in  along  the  edge  of  the 
superlattice.  This  technique  allows  all  of  the  light  to  be  polarized  along  the  growth  direction 
and  potentially  gives  very  long  interaction  lengths.  It  is  also  quite  convenient  to  rotate  the 
polarization  and  thereby  compare  the  superlattice  structure  to  the  bulk  structure.  Unfortunately, 
since  it  is  difficult  to  cleave  a  sample  much  narrower  than  I  mm,  this  configuration  will  not 
work  if  the  absorption  coefficient  of  the  superlattice  is  much  larger  than  about  10  cm'*. 

In  order  to  calculate  the  enhancement  in  x^*).  one  must  take  into  account  the  anisotropy 
of  both  the  nonlinear  mechanism  and  the  absorption.  For  the  case  where  nonparabolicity  is 
the  dominant  mechanism 


where  AT  is  the  laser-induced  carrier  temperature  modulation.**  In  the  superlattice. 


(17) 


AT-(a,cos*0'*a,8in*0). 


(18) 
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where  9  is  the  polarization  angle  and  Oj  is  the  absorption  coefficient  for  i-polarized  light.  This 
gives  us  the  four-wave  power  as  a  function  of  $ 


a,sin*9>coE9j 


.T 


cos  S-KijSin  0)sinej  ). 


(19) 


Fitting  this  to  the  data  showing  four-wave  power  as  a  function  of  i  allows  us  to  estimate  the 
enhancement  of  both  and  «  due  to  subband  structures  in  the  growth  direction.  We  find 
that  the  enhanced  x^’)  >s  approximately  g.SxlO'*.  or  7.7  times  the  bulk  value,  and  that  a,  about 
3.8  times  <x^. 

The  absorption  of  the  superlattice  was  small  enough  that  we  were  able  to  observe  the 
anisotropy  of  x^’)  by  using  the  end  firing  technique.  Figure  7  shows  the  variation  of  x^^^  with 
angle  ),  where  4  «  0  means  that  the  incident  light  is  completely  polarized  along  the  superlattice 
growth  direction. 


Fig.  .7.  Four-wave  signal  vs.  polarization  Fig.  t.  Four-wave  signal  vs.  difference 

angle  for  the  InAISb  superlattice.  0  is  normal  frequency  for  the  InAISb  superlattice  with 

to  the  plane  of  the  superlattice.  The  signal  polarization  normal  and  parallel  to  the  plane 

is  normalized  to  account  for  the  loss  from  of  the  superlattice. 

the  linear  polarizer  used  to  rotate  the 

polarization.  The  theoretical  result  from  (19) 

also  is  plotted. 
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The  AllnSb/InSb  superlattice  we  studied  consists  of  30  periods,  each  with  43  A  of  inSb 
and  60  A  of  Alg  gglno.giSb.  The  sample  is  not  intentionally  doped,  but  contained  on  the  order 
of  I0t*/cc  thermally  excited  carriers. 

In  order  to  definitively  determine  the  nonlinear  mechanism  responsible  for  the 
enhancement,  we  measured  the  four- wave  signal  for  the  two  orthogonal  polarizations.  We 
observed  a  well  defined  roll-off  at  Au-IO  cm~t,  corresponding  to  an  energy  relaxation  time 
of  0.3  ps  for  the  nonparabolicity  mechanism  in  the  bulk  direction.  The  polarization  of  the 
light  was  then  switched  to  the  superlattice  growth  direction  which  displayed  a  roll-off  nearly 
identical  to  that  found  for  the  bulk  direction  (see  Figure  S).  The  similarity  of  the  relaxation 
times  for  the  two  different  polarizations  strongly  suggests  that  the  enhanced  nonlinear  signal 
is  caused  by  the  greater  nonparabolicity  of  the  subbands  in  the  superlattice  direction  and 
possibly  by  greater  absorption  in  the  superlattice  direction. 

Similar  enhancements  in  the  nonparabolicity  have  also  been  observed  in  HgTe/HgCdTe 
superlattices. 

B  EPILAYER  ENHANCEMENT 

We  have  measured  the  value  for  in  n-CaAs  and  n-lnSb  epilayer  and  found  an 
enhancement  of  20  to  30  times  ovtr  that  found  in  the  bulk.  In  these  cases,  it  appears  that  the 
thickness  of  the  nonlinear  medium  affects  the  nonlinear  signal.  The  figure  of  merit  for  these 
samples  is  among  the  highest  we  have  ever  observed.  The  measured  values  of  •  4xl0'° 
esu  a  -  30  cm"*  and  r  =  I  psec  give  a  figure  of  merit  of  xI®Vi»t  »  1x10'.  This  compares  very 
favorably  with  the  other  figures  we  have  observed  in  the  processes  shown  in  Table  1. 

In  GaAs  we  have  measured  this  for  a  series  of  doping  levels,  and  found  that  the 
enhancement  seems  to  peak  at  no<»2x  1 0*'  cm**.  A  similar  though  somewhat  smaller  enhancement 
has  also  been  observed  in  InSb  epilayers. 
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ABSTRACT 

We  report  an  experimental  study  of  the  nonlinear  optical  properties  of  HgTe-CdTe 
superlattices  grown  by  MBE  and  Pbi_jSniSe  grown  by  hot  wall  epitaxy.  Nondegenerate 
four-wave  mixing  has  been  employed  to  measure  third-order  nonlinear  susceptibilities  at 
10.6  pm  as  a  function  of  temperature,  laser  intensity,  and  difference  frequency.  The  non¬ 
linearity  is  believed  to  be  due  to  modulation  of  the  free  carrier  temperature  and  density 
by  the  optical  beams.  The  HgTe-CdTe  results  are  compared  to  theoretic^J  calculations 
based  on  free  carrier  contributions  to  the  susceptibility,  and  the  agreement  with  experi¬ 
ment  is  quite  good.  In  1-pm-thick  Pbi-iSuiSe  layers,  multiple  internal  reflections  of  the 
light  within  he  sample  is  found  to  enhance  the  nonlinear  signal  by  an  order  of  magnitude. 

INTRODUCTION 

It  has  recently  been  demonstrated  that  semimetallic  Hg-btised  semiconductors  such 
as  HgTe,(l]  Hgo.ieCdo.s^TelZ]  and  HgTe-CdTe  superlattices[3]  have  highly  attractive  non¬ 
linear  optical  properties  which  combine  the  advantages  of  large  picosecond  response, 
and  high  saturation  threshold.  Here  we  report  an  experimental  eind  theoretical  investi¬ 
gation  of  semiconducting  HgTe-CdTe  superlattices  with  energy  gaps  between  35  and  80 
meV.  We  also  discuss  the  flrst  study  of  carrier-generation  nonlinearities  in  Pbi_iSniSe 
alloy  layers.  Besides  having  large  nonlinear  optical  coefficients,  growth  of  that  material 
on  BaFz  substrates  is  demonstrated  to  lead  to  the  opportunity  for  significant  Fabry-Perot 
enhancement  of  the  nonlinear  response. 

THEORETICAL 

The  magnitude  of  the  four-wave  signal  P3  is  related  to  the  third-order  nonlinear 
susceptibility  by  the  relation 

PiM  ~  (1) 

where  Pi  and  P2  represent  the  intensities  of  the  beams  at  frequencies  wi  and  u;2,  respec¬ 
tively,  u)3  =  2uii  —  ojj  is  the  frequency  of  the  four-wave  signal,  and  Auj  =  ui  —  u.'2  is  the 
difference  frequency.  Optical  nonlinearities  result  from  a  modulation  at  the  difference 
frequency  of  the  free-carrier  contribution  to  the  dielectric  constant.  The  yO)  associated 
with  modulation  of  the  free  carrier  density  may  be  written[l,  3] 

(3)_  yce^fa  Y'  Qkrk 

24irm„hw^  “  (1  +  iAuiT*)’ 
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where  7  is  the  index  of  refraction,  c  is  the  speed  of  light,  /  is  a  resonant  enhancement 
factor, (1)  a  is  the  absorption  coefficient,  and  m„  is  the  electron  effective  mass  (hole  contri¬ 
butions  are  usually  much  smaller).  The  summation  is  over  carrier  generation  mechanisms, 
and  Tit  is  the  relaxation  time  for  a  given  process.  For  example,  in  the  case  of  photoexci¬ 
tation  across  the  forbidden  gap  r  would  be  the  excess  carrier  recombination  time,  while 
for  intrinsic  electron  generation  due  to  optical  heating  of  the  free  carrier  plasma  t  is  the 
energy  relaxation  time.  In  analyzing  the  data  for  HgTe-CdTe  superlattices,  it  has  been 
assumed  that  the  dominant  mechanism  is  carrier  heating  as  it  is  in  semimetallic  Hg-based 
materials  studied  previously, [1,  2,  3]  Equation  (2)  has  then  been  used  in  conjunction  with 
a  detailed  modeling  of  the  electron  density  and  free  carrier  specific  heat  as  functions  of 
the  laser  intensity  tmd  carrier  temperature,(3]  where  experimental  magneto-transport  re¬ 
sults  on  the  same  superlattices[4l  have  been  inco-por-.'ed.  A  detailed  dee-ription  of  the 
theory  will  be  provided  elsewhere. 


EXPERIMENTAL 

Nonlinear  optical  coefficients  have  been  determined  for  a  series  of  HgTe-CdTe  su¬ 
perlattices  grown  by  molecular  beam  epitaxy  (MBE)  on  [100]  CdTe  “ubstrate”  Tlk  ,v  'l; 
and  barrier  thicknesses  listed  in  Table  1  are  such  that  the  low- temperature  energj’  gaps 
varied  between  0  to  80  raeV  at  T  =  0  K.  Measurements  have  also  been  performed  on  a 
Pbo.soSno,2oSe  alloy  layer  grown  by  hot  wall  epitaxy  (HWE)  on  a  (111)  BaFj  substrate. 
Total  film  thicknesses  for  each  sample  are  listed  in  Table  1.  The  electrical  properties  for 
the  superlattices  are  documented  in  detciil  elsewhere, [4]  and  the  Pbi-jSniSe  sample  was 
p-type  with  p  ^  1  %  10'^  cm”*  and  pp  r;  3  x  10^  cm*/Vs  at  low  temperatures. 

The  experimental  arrangement  for  the  nonlinear  optical  measurements  has  been 
described  elsewhere.  [3j  The  sample  was  excited  using  two  synchronously  Q-switched  CO2 
lasers,  which  were  grating-tuned  to  frequencies  Wi  and  The  excitation  generated  a 
nonlinear  optical  signal  at  the  mixing  frequencies  wj  =  2u;i  —  W2  and  104  =  2w2  —  , 

and  a  0.85-m  double  monochrometer  was  used  to  discriminate  the  mixing  signal  from 
the  transmitted  pump  beams.  The  intensity  of  the  mixing  signal  wris  measured  using  a 
Hgi-iCdjTe  detector  at  77  K. 

The  magnitude  of  x*’'  can  be  determined  by  comparing  the  the  signal  from  the 
sample  to  that  from  a  piece  of  optical-grade  germanium  1-0  x  10”'°  esu[5]), 

and  making  the  appropriate  corrections  for  sample  thickness,  index  of  refraction,  optical 
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absorption,  and  surface  reflection  losses.  When  mea.surenient.s  were  made  on  Hg-ba.sed 
samples,  the  back  surface  of  the  substrate  was  roughened  in  order  to  minimize  the  effects 
of  multiple  internal  reflections.  This  technique  is  effective  because  the  reflectivity  at  the 
sample/substrate  boundary  is  fairly  low  due  to  the  similar  indices  of  refraction  of  the  two 
materials.  In  the  case  of  the  Pb|_,SnrSe,  however,  only  a  small  fraction  of  the  light  is 
actually  reflected  from  the  back  surface  due  to  the  relatively  low  index  of  refraction  of  the 
BaF2  substrate.  The  Pbi  _,Sn,Se  itself  has  a  large  index  of  refraction  (~  5.2[6]),  meaning 
that  both  the  front  surface  and  the  interface  with  the  substrate  have  high  reflectivities. 
Furthermore,  the  round-trip  optical  path  length  for  light  within  the  l-pm-thick  sample 
is  10.4  /im,  which  is  quite  close  to  the  laser  wavelength  of  10.6  pm.  There  should  thus  be 
constructive  interference  of  the  internally-reflected  light,  i.e.,  the  interna]  electromagnetic 
fields  are  strongly  amplified  by  the  effective  presence  of  a  Fabry- Perot  etalon  cavity.  In 
the  Appendix,  we  briefly  summarize  the  derivation  of  the  expected  correction  factor  by 
which  the  apparent  value  of  y*’*  obtained  from  the  experiment  should  be  larger  than  the 
actual  value  obtained  Eifter  correction  for  etalon  effects.  Results  for  reported  below 
will  refer  to  the  actual  value  after  correction. 

We  take  the  absorption  coefficient  for  the  Pb|_,Sn,Se  sample  to  be  3400  cm"' 
which  is  based  on  the  measured  transmission  at  300  K.  Using  this  value  and  the  index  i>f 
refraction  cited  above,  the  etalon  enhancement  factor  of  y*^*  at  10.6  pm  is  estimated  to  be 
as  3.6.  From  Eq.  (1)  we  see  that  the  nonlinear  optical  signal  is  amplified  by  (3.6r.  more 
than  an  order  of  magnitude  over  what  it  would  have  been  had  there  been  no  etalon  effect. 
(The  apparent  is  larger  than  the  actual  y*’*  because  we  arc  at  the  transmission  peak 
of  the  etalon.  At  a  transmission  minimum  the  apparent  y***  would  be  smaller  than  the 
actual  y*’*)- 

RESULTS 

Figure  1  shows  the  dependence  of  the  third-order  nonlinear  susceptibility  on 
temperature  for  two  different  samples,  HgTe-CdTe  superlattice  BMCCT21  rmd  the 
Pbi-iSniSe  alloy  layer.  The  dramatic  decrease  of  the  superlattice  y*’*  above  T  s:  65  K 
is  clearly  due  to  the  temperature  shift  of  the  energy  gap.  A  theoretical  calculation  of  the 
band  structure  for  the  appropriate  well  and  barrier  thicknesses [4]  yields  that  hu.'  <  Eg 
for  T  ^  140  K,  which  is  in  good  agretuient  with  t.be  experimental  temperature  beyond 
which  the  nonlinear  sign2d  becomes  too  weak  to  be  detectable.  For  Pbi_xSn,Se,  the 
yl^l  shown  is  the  actual  value  obtained  following  the  correction  for  etalon  enhancement. 
Since  the  energy  gap  in  Pbo  sSno.jSe  is  no  greater  than  100  meV  for  any  T  <  300  K,[7] 
it  is  not  surprising  that  the  temperature  dependence  is  much  weaker  for  that  sample. 

Figure  2  shows  y***  as  a  function  of  laser  power  within  the  material  for  the  same 
two  samples.  The  nonlinearity  for  HgTe-CdTe  at  an  initial  temperature  of  8  K  saturates 
somewhat  due  to  laser  heating  of  the  sample,  i.e.,  the  lattice  temperature  incretises 
to  the  point  where  the  laser  light  is  no  longer  strongly  absorbed  (see  Fig.  1).  The 
curve  represents  the  results  of  a  calculation  which  has  no  adjustable  parameters,  since 
input  electronic  properties  have  been  obtjuned  from  magneto-transport  measurements 
on  the  same  superlattice. [4]  The  agreement  between  theory  and  experiment  is  seen  to  be 
remarkably  good.  The  nonlinearity  for  Pbo.8Sno.2Se  at  300  K  also  satu'-ates  somewhat, 
possibly  because  of  a  a  similar  shift  of  the  energy  gap  due  to  laser  heating  (at  300  K, 
a  relatively  modest  temperature  shift  would  move  the  gap  beyond  the  photon  energy). 
However,  for  that  material  a  more  detailed  analysis  is  required  to  verify  the  interpretation. 
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Figure  1  (above).  =  1.8  cm“*) 

vs  sample  temperature  for  HgTe-CclTe  super- 
lattice  BMCCT21  (Eg  =  80  mcV)  and  the 
Pbi_,Sn,Se  alloy  layer. 

Figure  2  (above  right).  =  1.8 

cm~' )  vs  laser  intensity  for  the  same  Ivro  sam¬ 
ples.  The  points  are  experimental  and  the 
curve  is  theoretical. 

Figure  3  (right),  for  the  same  two 

samples.  The  laser  powers  were  1  M\V/cm^ 
for  the  HgT"  (\!Te  and  200  kW/crn^  for  the 
Pbj  .,Sn» SeThe  points  are  experimental  and 
the  curves  represent  fits  to  F^q.  (2). 


Figure  3  shows  the  dependence  of  x^^^  on  Au;  for  (he  same  two  samples.  For  the 
HgTe-CdTe  superlattice,  is  inversely  proportional  to  Au,'  at  large  Au-'  but  becomes 
constant  at  sm2Lll  Aw.  The  solid  curve  show's  a  fit  to  Eq.  (2).  which  yields  a  relaxation 
time  of  1.1  ps.  By  contrast,  the  data  for  the  Phi-^Sn^Se  sajnple  is  nearly  constant  at 
large  Aw  but  shows  a  1/Aw  dependence  at  smaller  Aw.  This  apparently  indicates  the 
presence  of  two  different  nonlinear  mechanisms  which  have  different  relaxation  time.s  [see 
Eq.  (2)].  A  fit  to  the  data  yields  <  70  fs  and  >  3  ps.  Until  a  more  complete  study 
has  been  carried  out,  we  defer  speculation  concerning  the  identity  of  these  mechanisms. 

Table  1  summarizes  the  nonlinear  optical  coefficients  of  four  different  HgTe-CdTe 
superlattices  with  a  range  of  energy  gaps  as  well  as  resvilts  for  the  Pbi_,SnxSe  alloy 
layer.  For  the  HgTe-CdTe,  x^^^  monotonically  decreases  with  increasing  energy  gap.  The 
theoretical  calculation  accurately  reproduces  this  trend,  which  is  due  primarily  to  the 
inverse  dependence  of  on  electron  effective  mass  (see  Eq.  (2)].  The  nonlinearity  for 
Pbi_,Sn,Se  exceeds  those  of  the  superlattices,  and  is  in  fac»  anvmg  the  highest  reported 
for  fast  processes  in  narrow-gap  semiconductors.  (2)  Etalon  enhancement  effects  further 
increase  the  achievable  nonlinear  optical  signal  ov<'f  the  base  level  oiie  predicts  using  the 
“actual”  from  the  Table. 
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CONCLUSIONS 

In  summary,  nonlinear  optical  coefficients  hai'e  been  determined  from  non 
degenerate  four  wave  mixing  measurements  on  a  series  of  HgTe-CdTe  superlattices  as 
well  as  a  Pbi_,SuiSe  alloy  layer.  The  superlattice  results  are  accurately  reproduced  by 
a  theory  which  contains  no  adjustable  parameters.  Although  the  nonlinearity  for  finite- 
gap  samples  are  found  to  saturate  at  high  laser  powers,  in  zero-gap  samples  show 

no  evidence  for  saturation  at  powers  up  to  2  MW/rm^.(3]  The  results  for  Pbi^iSnrSe 
are  significant  in  that  the  magnitude  of  the  nonlinearity  is  quite  high  There  is  evidence 
for  two  nonlinear  optical  mechanisms,  one  much  faster  th;in  the  other,  and  etalon  en¬ 
hancement  further  increases  the  nonlinear  response.  These  results  demonstrate  that  free 
carrier  nonlienar  optical  processes  in  narrow-gap  IV-VI  materials  should  be  investigated 
further. 

This  research  wa.s  supported  by  SDIO/IST  and  managed  by  NRL. 
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Calculation  of  the  actual  in  an  etalon  i.s  a  two  step  jirocess;  we  calculate  an 
apparent  by  a.ssuming  that  the  reflected  light  plays  no  role  in  the  nonlinear  optical 
generation,  and  then  a  correction  factor  i.s  determined  to  accomit  for  the  etalon  effects. 
The  correction  term  itself  consists  of  two  factors,  a  correction  for  the  electric  field  strength 
of  each  pump  beam,  and  a  correction  for  the  nonlinear  beam. 

The  correction  factor  for  the  pump  field  strength  can  be  found  by  summing  an 
infinite  series  cfirresponding  to  each  pass  of  the  beam.  One  obtains|8) 

'  1  —  rir2el”'’''*'^'*dt  ^  ^ 

where  r,  =  Rj  is  the  reflectivity  for  surface  j.  o,  and  k,  are  the  absorption 

coefficient  and  propagation  constant  at  frequency  Wj,  and  L  is  the  sample  thickness. 
Note  that  this  term  becomes  unity  in  the  limit  of  no  internal  reflection,  since  reflection 
losses  at  the  surfaces  and  absorption  losses  due  to  the  first  pass  through  the  sample  haie 
already  been  taken  into  account  in  the  calculation  for  the  apparent  x*''^- 

The  correction  factor  for  the  nonlinear  beam  can  be  found  by  breaking  the  field  at 
frequency  013  into  two  components,  a  beam  traveling  fron'  left  to  right  (Ejr)  and  a  beam 
traveling  from  right  to  h'ft  (E31).  For  definiteness,  we  take  the  incident  pump  beams  to 
be  traveling  rightward.  The  equations  obeyed  by  these  field  intensities  are  as  follows: 


Eirir.L) 

=  .^,.(r,0)c-'‘^''/"c-‘“'-  +  KElir.  0)E^Ar,0) 

(4) 

F3l(r,0) 

=  E3i(r,T)r"”'-^^r’*’''  +  K  E'i,{f.  L)E;,(r,  L) 

(5) 

EsiiEL) 

=  r2E3r[f,L) 

(6) 

£tr(r,0) 

=  r|E3i(r,0), 

(7) 

where  K  is  the  nonlinear  optical  gain  including  ab.sorption  losses  due  to  a  single  pass. 
The  leftward  and  rightward  pump  beam  fiehls  must  satisfy  the  relation 


iUEDEUE  L )  =  El(r,  0)EHr,  0){r2  j 


(8) 


since  there  must  be  one  pass  through  the  saniple  and  a  reflection  before  there  is  a  leftward 
pump  beam.  Equations  (4*8)  can  be  solved  for  electric  field  of  the  nonlinear  beam  just 
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before  it  exits  the  sample, 


E:,r(r,L)  =  KElif,0)E;,{r,0) 


1  -r 


1  -  r,r2t 


(  “ 03 +2 1 fcs 3 ) 


(9) 


If  there  rire  no  multiple  internal  reflections  [rir2e'“*^  — *  0],  then  the  term  in 
brackets  becomes  unity  and  we  obtain  the  required  result  for  the  electric  field  of  the 
nonlinear  beam  corresponding  to  the  apparent  x***;  E3(r,L)  =  K Ef{r,0)E2(r,0}.  The 
correction  factor  for  the  nonlinear  beam  is  thus  the  bracketed  term  in  Eq.  (9),  and  the 
total  correction  facto*  is  given  by 


C,  =  F^F2 


oi  — <k}/2+2«itsn3)Z,  ' 


}  —  T*!  7*2e(  ~‘^3  +  2tfc3n3)L 


(10) 
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ABSTRACT 

The  present  understanding  of  the  carrier  transport  properties  in  Hg-based  super- 
lattices  such  as  the  HgTe-CdTe  system  is  reviewed.  Novel  features  in  the  calculated 
superlattice  band  structures  and  their  implications  for  macroscopic  transport  properties 
are  discussed.  Nearly  all  of  the  main  experimental  results  are  qualitatively  consistent 
with  a  large  valence  band  offset,  but  are  difficult  to  explain  if  the  offset  is  small.  The 
valence  band  offset  controversy  thus  appears  to  have  been  largely  resolved. 


INTRODUCTION 

Impressive  advances  have  been  made  in  the  fabrication  of  narrow-gap  II- VT  het¬ 
erostructures  since  the  first  successful  MBE  growth  of  a  HgTe-CdTe  superlattice  in 
1982.(11  Significant  strides  have  been  made  experimentally  and  theoretically  toward  the 
development  of  a  fundamental  understrinding  of  their  properties.  [2,  3]  It  is  now  apparent 
that  the  band  structures  of  these  superlattices  exhibit  unique  features  that  are  distinct 
from  those  found  in  either  Hg-based  tdloys  or  in  wide-gap  supcrlattices.  These  have  led 
to  the  observation  of  a  number  of  novel  phenomena. 

Only  two  years  ago  there  was  no  clear  picture  of  the  relation  between  the  predic¬ 
tions  of  band  structure  theory  and  the  results  of  experimental  studies.  Several  intriguing 
observations,  such  as  extremely  high  superlattice  hole  mobilities, [4]  were  unexplained 
except  for  the  vague  suggestion  that  they  may  be  related  to  some  special  property  of  the 
Type-III  interface  states.  Early  magneto-opticsJ  investigations[5]  reported  a  valence  band 
offset  A  of  40  meV,  in  sharp  disagreement  with  x-ray  photoemission  experiments[6,  7] 
which  yielded  A  «  350  meV.  Several  a  priori  calculations  also  tended  to  support  a  larger 
value  for  A.  [8]  It  will  be  seen  in  the  following  sections  that  most  of  the  principle  exper¬ 
imental  results  can  now  be  understood  qualitatively  in  terms  of  theoretical  dispersion 
relations  which  me  sensitive  to  A.  It  will  be  argued  that  the  long-standing  controversy 
concerning  the  valence  band  offset  has  effectively  been  resolved  in  favor  of  a  large  value. 

The  unique  nature  of  narrow  gap  HgTe-CdTe  superlattice  band  structures  makes 
them  attractive  for  a  variety  of  electronic  and  electro-optical  applications.  Indeed, 
promising  infrared  applications  of  these  superlattices  were  discussed  theoretically  as  early 
as  1979.(9]  However,  to  assess  the  ultimate  potential,  a  thorough  understanding  of  their 
fundamental  properties  is  required.  In  this  paper,  we  review  recent  advances  in  the  un¬ 
derstanding  of  HgTe-CdTe  and  related  superlattices.  Section  2  summarizes  theoretical 
results  for  the  superlattice  band  structure,  including  its  strong  dependence  on  valence 
band  offset.  In  Section  3,  recent  magneto-transport  data  are  reviewed  and  correlated 
with  the  predictions  of  band  structure  theory. 


BAND  STRUCTURE  THEORY 

Theoretical  investigations  of  the  HgTe-CdTe  superlattice  band  structure  have  been 
discussed  in  previous  reviews. [2,  3]  Many  of  the  treatments  include  strain  effects,[10] 
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which  are  significant  despite  the  close  lattice  match  between  HgTe  and  CdTe.  Magnetic 
fields  parallel  to  the  growth  direction  are  also  easily  incorporated  when  the  k-p  approach 
is  used. [11-14]  In  general  the  results  appear  to  be  relatively  independent  of  the  method 
employed,  as  long  as  the  formalism  is  sufficiently  detailed.  For  example,  it  has  been 
explicitly  demonstrated  that  the  transfer-matrix  k  p  algorithm  of  Ram-Mohan  et  al.[ll] 
generates  band  structures  which  are  in  good  qualitative  and  quantitative  agreement  with 
those  obtained  from  the  multi-band  tight-binding  calculation  of  Schulman  and  Chang. [12] 
Nonetheless,  even  though  adequate  formalisms  have  been  available  for  several  years,  many 
of  the  most  significant  implications  of  the  theory  had  not  been  fully  appreciated  until 
recently. 

In  summarizing  the  prira^iry  results  of  the  calculations,  we  first  briefly  outline  how 
the  energies  of  the  dominant  bands  vary  with  superlattice  peurameters,  such  as  well  aind 
barrier  thickness,  strain,  zmd  valence  band  offset. [13]  It  is  well  known  that  if  the  well 
thickness  d\y  is  relatively  thin,  quantum  confinement  causes  there  to  be  a  sizable  energy 
gap  Eg  between  the  lowest-order  electron-like  band,  El,  and  the  lowest-order  hole- like 
bands  HHl  and  LHl.  Here  we  temporarily  set  the  valence  band  offset  and  strain  to  zero, 
so  that  there  is  nothing  to  lift  the  degeneracy  of  the  two  hole  bands  at  the  zone  center. 
This  band  structure  is  quite  simitar  to  that  of  semiconducting  Hgi_iCdiTe  (x  >  0.16), 
except  for  the  additional  presence  of  a  series  of  zone-folded  heavy  hole  bands,  HH2,  HH3, 
etc.  If  we  next  increase  dw  and  weaken  the  quantum  confinement.  Eg  shrinks  until  at 
some  point  El  meets  HHl  and  LHl  at  the  F-point.  For  still  larger  dw  the  energy  gap 
becomes  negative  eind  the  two  light-carrier  bands  invert,  with  LHl  becoming  a  conduction 
band  and  El  a  valence  band  as  in  semimetallic  Hgi_rCdiTe  (i  <  0.16).  However,  in 
this  region  El  continues  to  respond  to  reductions  in  the  quantum  confinement  by  moving 
down  like  an  electron  band  rather  than  up  like  a  hole  band.  Similarly,  even  though  LHl 
is  now  a  conduction  band  it  is  unaffected  by  quantum  confinement  as  long  as  there  is  no 
valence  band  offset.  We  also  note  that  as  in  Hgi_rCdiTe,  the  in-plane  effective  masses 
for  both  El  and  the  lighter  of  the  two  hole  bands  is  approximately  proportional  to  |Fj]. 
The  effect  of  tuning  dw  in  the  superlattice  is  thus  seen  to  be  quite  analogous  to  that  of 
varying  the  composition  x  in  the  Hgi-jCdiTe  alloy  system,  even  though  the  physical 
mechanisms  are  often  different  in  the  two  cases. 

We  next  introduce  strmn  and  a  ralence  band  offset,  whose  effects  2ire  superimposed 
on  the  variation  with  dw  discussed  above.  For  a  well  thickness  such  that  there  is  a 
small  positive  energy  gap.  Fig.  1  shows  the  results  of  leaving  the  valence  band  offset 
small  (A  =  40  meV)  but  including  strain.  Because  the  lattice  const2int  of  CdTe  is  0.3% 
larger  than  that  of  HgTe,  strain  in  the  superlattice  has  the  effect  of  moving  the  LHl 
band  to  higher  energies  with  respect  to  the  HHl  band.[10]  Figure  1  also  illustrates  an 
important  aspect  of  the  mass  zmisotropy  of  the  two  hole  bands.  [10]  Whereas  El  has  a 
light  effective  mass  both  in  the  plane  (fci)  and  in  the  growth  direction  (tj),  LHl  has 
a  light  mass  only  in  the  growth  direction,  i.e.,  mji  mi,.  Conversely  HHl,  which  is 
nearly  dispersionless  in  the  growth  direction,  has  an  in-plane  mass  which  mirrors  that 
of  the  electrons  (mu,  as  m,,  ■<  ms,).  This  complementarity  between  light  (heavy) 
mass  along  one  axis  vs  heavy  (light)  mass  in  the  transverse  direction  occurs  not  only  in 
superlattices  but  in  any  zincblende  or  diamond  structure  semiconductor  with  a  uniaxial 
perturbation.[14]  Clearly,  any  measurable  property  which  depends  on  the  effective  mass 
of  free  holes  along  either  axis  will  be  extremely  sensitive  to  whether  LHl  or  HHl  is  the 
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uppermost  valence  band. 


Figure  1.  In-plane  and  growth-direction 
dispersion  relations  for  a  [100]  HgTe- 
Hgo.15Cdo.s5Te  superlattice  with  A  =  40 
meV  and  including  strain  {dw  =  84  A, 
dfl  =  29  A). [15] 


Figure  2.  Superlattice  in-plane  and 
growth-direction  dispersion  relations  for 
A  =  350  meV  and  including  strain  (dw  = 
61  A,  da  =  29  A). [15]  The  dashed  curves 
are  in-plane  dispersion  for  it,  =  n/d. 


The  ordering  of  the  two  hole  bands  can  be  reversed  by  increasing  the  hole  quantum 
confinement,  i.e.,  by  assuming  a  large  valence  band  offset.  Because  quantum  confinement 
has  much  more  effect  on  light-carrier  bands,  LHl  moves  below  HHl  whenever  A  >  150 
meV,  although  an  offset  of  as  200  meV  is  required  before  there  is  enough  separation  for 
the  light  in-plane  mass  of  HHl  to  become  evident.[13]  Figure  2  shows  that  when  the  XPS 
value[6,  7]  of  A  =  350  meV  is  employed,  HHl  dominates  near  the  zone  center  and  as  was 
discussed  above,  nihz  as  m^t  mhz-  It  is  also  appment  from  a  comparison  of  the  solid 
(kz  =  0)  and  dashed  {k^  =  rr/d)  curves  that  the  in-plane  dispersion  for  HHl  has  a  very 
strong  dependence  on  growth-direction  wavevector.  This  is  because  mi,i  <x  Eg,  and  Eg 
is  seen  to  be  a  rapidly-varying  function  of  k,-  Since  the  valence  band  maximum  extends 
along  the  entire  kz  axis,  the  consequence  is  that  holes  with  a  wide  range  of  in-plane 
masses  coexist  within  the  superlattice,  a  phenomenon  which  has  been  designated  “mass¬ 
broadening”.  [16]  In  the  example  shown  in  Fig.  2,  as  0.0015mo  while  w  0.04, 
i.e.,  the  hole  masses  vary  by  a  factor  of  27.  Thus  the  low- temperature  hole  mobility 
should  be  intrinsically  broadened  and  not  describable  in  terms  of  a  single  type  of  hole 
with  sharply-defined  mobility.  Note  also  in  Fig.  2  the  extreme  nonparabolicity  of  the 
in-plane  dispersion  for  HHl.  At  fc,  =  0  (solid  curve),  m*r  varies  from  as  O.OOlSmo  near 
the  valence  band  maximum  to  essentially  infinite  (or  electron-like)  only  22  meV  lower 
in  the  band.  One  should  expect  that  such  a  dramatic  variation  of  the  free  hole  effective 
mass  with  energy  should  be  reflected  in  the  experimental  properties. 

The  band  structure  shown  in  Fig.  2  is  for  a  small  positive  energy  gap.  The  effect 
of  further  decreasing  the  electron  quantum  confinement  is  that  Eg  at  fc,  =  0  becomes 
zero  or  negative,  i.e.,  El  crosses  below  HHl.  Once  the  confinement  has  been  reduced 
sufficiently  for  the  bands  to  cross,  the  superlattice  converts  from  a  semiconductor  to  a 
semimetal.  Although  E,  <  0  at  the  zone  center,  there  is  some  k,  =  kzc  for  which  the 
energy  gap  is  nearly  zero  and  the  in-plrme  electron  and  hole  masses  are  extremely  small. 


406 


Both  electrons  and  holes  can  exhibit  strong  mass  broadening  in  this  regime.  The  extent 
of  the  semimetallic  region  is  directly  related  to  the  k,  dispersion  of  the  El  band,  i.e.,  it 
depends  strongly  on  ds-  If  the  quantum  confinement  is  decreased  further,  El  eventually 
falls  completely  below  HHl  and  a  net  “negative  energy  gap”  opens  up, [17,  18]  i.e.  the 
superlattice  again  becomes  a  semiconductor. [19]  For  small  valence  band  offsets  there  is  no 
extended  semimetallic  region,  so  that  no  semiconductor-semimetal-semiconductor  double 
trrinsition  is  predicted. 

Summ2urizing,  a  central  result  of  the  theory  is  that  the  identity  of  the  dominant 
hole  band  depends  on  whether  the  valence  band  offset  is  large  or  small.  If  it  is  large  as  in 
Fig.  2,  HHl  is  the  highest  hole  sub-band  and  the  growth  direction  hole  mass  is  extremely 
heavy  while  the  in-plane  electron  and  hole  masses  at  the  zone  center  are  mirror-images 
of  one  another.  The  in-plane  dispersion  of  HHl  is  extremely  nonparabolic  and  mass¬ 
broadening  should  occur.  Furthermore,  it  is  predicted  that  a  second  semiconducting 
regime  may  exist  in  the  region  of  large  well  thicknesses.  On  the  other  hand,  if  the  offset 
is  small  as  in  Fig.  1,  LHl  dominates  and  the  growth-direction  electron  and  hole  masses 
are  compeirable  while  the  hole  mass  in  the  plane  should  be  much  heavier  than  that  of  the 
electrons.  Strong  nonparabolicity,  mass-broadening,  and  the  semiconductor-semimetal- 
semiconductor  double  transition  are  not  predicted  for  small  offsets.  Obviously,  such 
significant  differences  should  have  numerous  consequences  on  the  observable  experimental 
properties. 


RECENT  EXPERIMENTAL  RESULTS 

In  this  section,  we  summarize  some  recent  experimental  magneto-transport  results, 
which  have  contributed  substantially  to  our  understanding  of  the  superlattice  band  struc¬ 
ture  tmd  electronic  properties.  We  will  see  that  the  experiments  are  far  more  consistent 
with  the  theoretical  predictions  of  the  preceding  section  when  a  large  valence  band  offset 
is  assumed. 

Recent  magneto- trrmsport  studies  have  demonstrated  numerous  qualitative  corre¬ 
lations  between  the  experimental  results  and  specific  features  in  the  theoretical  band 
structures.  From  a  mixed  conduction  emalysis  of  Hall  and  conductivity  data  as  a  func¬ 
tion  of  magnetic  field,  Hoffman  et  al.  obtained  electron  and  hole  densities  and  mobilities 
vs  temperature  (4.2  to  300  K)  for  a  large  number  of  HgTe-CdTe  imd  Hgi_iZniTe-CdTe 
superlattices.(20,21 ,24-26]  Since  many  of  the  samples  had  zero  or  relatively  narrow  en¬ 
ergy  gaps,  intrinsic  electrons  were  often  observable  over  a  broad  temperature  range.  The 
temperature  dependence  of  n,  could  therefore  be  used  to  obtain  an  accurate  non-opticEil 
characterization  of  Ej.[17,  20]  If  ni(T)  is  normalized  to  and  plotted  vs.  T'*  on 
a  semilog  scale,  to  a  first  approximation  the  slope  of  the  line  obtmned  is  proportional 
to  the  zero- temperature  extrapolation  of  the  gap,  E°.  Figure  3  illustrates  this  for  five 
HgTe^CdTe  superlattices  with  varying  well  thicknesses.  As  theory  predicts,  the  superlat¬ 
tices  are  semiconducting  whenever  the  wells  are  relatively  thin.  With  increasing  dw,  E° 
decreases  until  near  dw  ^  75  A,  they  enter  a  semimetallic  regime  where  n,  a  A 

large  number  of  samples  with  a  wide  range  of  well  thicknesses  have  been  found  to  have 
E°  «  0.  However,  recent  data  (filled  circles)  indicate  a  significant  energy  gap  (16  meV) 
in  a  sample  with  diy  =  128  A  and  relatively  wide  barriers  (dg  =  89  A). [21]  This  verifies 
the  theoretical  prediction  discussed  in  the  preceding  section,  of  a  second  semiconducting 
region  at  large  well  thicknesses.  No  extended  semimetallic  regime  or  semiconductor- 
semimetal-semiconductor  double  transition  would  be  expected  to  occur  if  the  valence 
band  offset  is  small.  Furthermore,  experimental  energy  gaps  obtained  in  this  manner  for 
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a  series  of  HgTe-CdTe  samples  with  a  wide  range  of  dw  were  found  to  agree  much  better 
with  theoretical  gaps  calculated  assuming  a  large  A  (350  meV).[17] 


T  (K) 


300  50  30  20  15 


Figure  3.  Experimental  intrinsic  carrier 
densities  (normalized  by  ys  in¬ 

verse  temperature  for  five  HgTe-CdTe 
superlattices. [21]).  Well  thicknesses 
and  energy  gaps  derived  from  the  slopes 
of  the  straight-line  fits  are  indicated. 


Figure  4.  Low-temperature  electron 
and  hole  mobilities  vs  experimental  en¬ 
ergy  gap.  Data  from  fourteen  HgTe- 
CdTe  and  Hgi-tZnjTe-CdTe  superlat¬ 
tices  are  represented.  The  negative-gap 
data  point  is  for  the  thick-well  sample 
whose  n,(T)  is  given  by  the  filled  circles 
in  Fig.  3. 


One  of  the  more  dramatic  findings  of  the  early  experimental  work  on  Hg-based 
superlattices  was  the  observation  by  Faurie  et  al.[4]  of  low-temperature  hole  mobilities 
that  are  much  higher  than  any  seen  in  Hgi_rCdxTe  alloys. [22]  Recent  measurements 
on  zero-gap  superlattices  have  yielded  pp  >  2  x  10*  cm^/Vs,[16]  the  highest  ever  for 
a  II- VI  semiconductor.  Until  recently  these  results  were  leirgely  unexplained.  Figure  4 
illustrates  low-temperature  electron  and  hole  mobilities  as  a  function  of  energy  gap  for 
fourteen  different  HgTe-CdTe[16,  17,  21,  23]  and  Hgi_iZniTe-CdTe[16,  24]  superlattices. 
In  general,  there  is  seen  to  be  a  strong  inverse  dependence  of  both  fin  and  on\Eg\,  with 
semimetallic  samples  clearly  having  the  highest  mobilities.  Furthermore,  S;  in  all 
samples  for  which  a  comparison  could  be  made,  implying  a  near  equality  of  the  electron 
and  hole  effective  masses.  These  observations  are  entirely  consistent  with  the  calculated 
band  structures  as  long  as  one  employs  a  large  valence  band  offset,  since  HHl  is  then 
the  dominant  valence  band  emd  mftx  as  oc  \Eg\  (see  Fig.  2).  However,  the  data  are 
difficult  to  explain  if  a  small  A  is  assumed,  because  LHl  is  uppermost  and  ttUx  3>  m^i 
in  that  case  (see  Fig.  1). 

The  temperature  dependence  of  the  transport  properties  also  provides  useful  infor¬ 
mation.  Figure  5  gives  experimental  mobilities  for  electrons  and  two  types  of  holes  in  a 
semimetallic  HgTe-CdTe  superlattice.  [17]  For  nearly  all  p-type  samples  with  zero  energy 
gap,  it  was  found  that  one  could  not  account  for  the  low- temperature  Hall  ^lnd  conduc¬ 
tivity  data  as  a  function  of  magnetic  field  if  only  a  single  species  of  high-mobility  hole 
was  assumed  to  be  present.  In  fact,  that  observation  is  consistent  with  the  band  struc¬ 
ture  analysis  discussed  in  the  preceding  section,  since  strong  mass-broadening  of  the  hole 


population  is  predicted  whenever  a  large  valence  band  offset  is  employed.  The  two-hole 
fit  shown  in  Fig.  5  may  therefore  be  viewed  as  a  simplified  approximation  to  a  continuous 
distribution  of  hole  mobilities,  where  the  values  of  fip\  amd  ftp2  roughly  indicate  the  range 
of  mobilities  being  spanned.  Mass  broadening  for  electrons  in  semimetallic  Scimples  has 
also  recently  been  observed.[21J  Figure  5  further  illustrates  that  while  ppi  «  /i„  at  low 
temperatures,  Ppi  decreases  much  more  abruptly  when  T  is  increased  above  30  K.  This 
result,  which  appears  to  be  generaJ  for  p-type  Hg-based  superlattices  with  small  energy 
gaps,  is  probably  related  to  the  theoretical  prediction  that  the  in-plane  dispersion  for 
HHl  is  extremely  nonparabolic[17]  (see  Fig.  2).  With  increasing  T  the  holes  will  popu¬ 
late  higher-energy  states  which  have  a  much  larger  effective  mass,  hence  a  lower  mobility. 
Again,  it  is  difficult  to  account  for  the  data  when  a  small  offset  is  assumed,  since  both 
mass-broadening  and  strong  nonparabolicity  jire  then  absent  (see  Fig.  1). 


T(K) 


Figure  5.  Experimental  electron  and  hole 
mobilities  vs  temperature  for  a  p-type  HgTe- 
CdTe  superlattice. [17]  At  low  T  the  fits  yield 
pi  1.2x  10'*  cm'*  and  p3  s;  3x  10’*  cm'*. 


Reno  et  aj.[25]  measured  the  hole  mobility  in  a  series  of  Hgi-iCdpTe-CdTe  super¬ 
lattices  with  well  compositions  i  spanning  the  range  0  to  0.27.  They  observed  a  relatively 
abrupt  drop  in  the  hole  mobility  when  x  was  increased  from  0.08  to  0.16,  and  attributed 
it  to  a  disappearance  of  symmetry-induced  interface  states  at  the  tr^lnsition  from  Type- 
III  to  Type-I  superlattices.  Meyer  et  al.[13]  suggested  that  the  mobility  drop  is  instead 
related  to  a  shift  of  HHl  holes  from  very  light-mass  states  near  the  F-point  to  states  with 
much  heavier  mass  farther  out  in  the  zone  (k^  Ri  0.03),  which  coincidentally  is  predicted 
to  occur  at  some  x  near  that  corresponding  to  the  Type-III  to  Type-I  transition.  While 
theory  clearly  predicts  the  existence  of  these  quasi-interface  states,  there  is  no  conclusive 
evidence  that  any  of  the  dramatic  effects  observed  in  the  transport  or  magneto-optical 
properties  result  from  the  Type-III  to  Type-I  transition. 

The  experimental  results  discussed  above  overwhelmingly  support  a  large  valence 
band  offset.  This  conclusion  is  confirmed  by  magneto  optical  and  optical  experiments. 
For  example,  Perez  et  al.[26]  have  reported  hole  cyclotron  resonance  in  a  p-type  HgTe- 
CdTe  superlattice  with  very  near  zero.  From  measurements  in  Faraday  and  Voigt 
geometries,  the  hole  effective  mass  ratio  was  determined  to  be  muj/mur  Rs  280.  As  dis¬ 
cussed  in  the  previous  section,  the  large  ratio  is  fully  consistent  with  a  large  valence  band 
offset  (Fig.  2)  but  is  difficult  to  explain  if  the  offset  is  small  (Fig.  1).  Furthermore,  the 
two  resonances  observed  in  the  Faraday  geometry  and  their  magnetic  field  dependences 
are  correctly  predicted  by  Landau-level  ca]culations[27]  if  a  laurge  A  is  assumed.  (Johnson 
et  al.[18]  have  recently  shown  that  early  magneto-optical  investigations, [5]  which  argued 
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for  a  sm2Jl  offset,  could  also  be  understood  assuming  a  large  A.) 

Recent  infrared  absorption  spectra  on  HgTe-CdTe  superlattices  of  p2irticularly  high 
quality  also  strongly  support  a  large  A.  Their  spectra  exhibit  not  only  the  broad  steps 
which  correspond  to  transitions  between  the  various  heavy  hole  and  electron  sub-bands, 
but  also  a  weaker  feature  due  to  LHl  to  El  transitions. [28]  The  valence  band  offset  must 
be  at  least  as  large  as  the  observed  separation  of  the  two  peaks. 


DISCUSSION 

In  the  previous  sections  it  was  seen  that  there  is  a  good  qurJitative  correlation 
between  theory  and  experiment  for  HgTe-CdTe  superlattices.  Unfortunately,  a  quanti¬ 
tative  comparison  with  experiment  is  not  yet  possible,  since  a  suitable  formalism  for  the 
macroscopic  treinsport  properties  in  narrow-gap  superiattices  does  not  exist.  The  theory 
for  macroscopic  superlattice  properties,  must  be  completely  reformulated  to  incorporate 
the  unique  features  found  in  narrow  gap  superlattice  band  structures.  Here  we  briefly 
outline  just  a  few  of  the  many  issues  which  must  be  addressed  in  the  development  of  such 
a  theory. 

Due  to  extreme  nonparabolicity  in  the  band  structure,  it  is  necess^lry  to  develop  a 
formalism  which  treats  arbitrary  in-plane  and  perpendicular  dispersion  relations.  Simi¬ 
larly,  since  the  electrons  tend  to  have  perpendicular  masses  (mi)  which  are  of  the  same 
order  of  magnitude  as  their  in-plane  masses  (m^),  the  transport  should  be  considered 
as  anisotropic  in  three-dimensions  rather  than  two-dimensional.  As  was  discussed  in  the 
previous  section,  the  theory  must  also  account  for  fcj-degeneracy  “mass-broadening”  in 
the  valence  and  conduction  bands.  The  dominant  scattering  mechanisms  at  low  tem¬ 
peratures  have  not  yet  been  positively  identified.  Besides  ioni^ed-impurity  and  possibly 
interface-roughness  scattering,  electron-hole  scattering  should  be  important  in  narrow 
and  zero-gap  samples.  In  contrast  to  the  case  of  zero-gap  bulk  materiEds,  electron-hole 
events  will  strongly  affect  transport  of  both  electrons  and  holes.  The  interface  nature  of 
electron  and  light  hole  states  may  play  a  role  in  some  instances,  and  the  treatment  of 
screening  by  very  light  and  extremely  nonparabolic  carriers  may  require  special  care.  Di¬ 
electric  enhancement  in  the  zero-gap  regime  due  to  virtual  band-to-band  transitions [29] 
must  be  reformulated  for  the  superlattice  case. 

As  should  be  clear  from  this  partial  list  of  considerations,  the  unique  features  of 
narrow-gap  superiattices  will  require  the  development  of  a  comprehensively  new  theoreti¬ 
cal  transport  formalism.  Minor  modification  of  existing  theories  developed  for  narrow-gap 
alloys  or  Ill-V  superiattices  will  not  be  adequate.  When  available,  such  a  theory  will  al¬ 
low  more  deteuled  predictions  of  how  the  unusual  aspects  of  narrow-gap  superlattice  bEuid 
structures  affect  the  macroscopic  properties.  It  will  naturally  also  be  necessary  to  develop 
new  approaches  to  such  phenomena  fis  nonlinear  optical  properties,  energy-relaxation 
mechanisms,  optical  and  magneto-optical  transitions,  recombination  in  indirect  zero-gap 
materials,  etc. 


CONCLUSIONS 

In  this  review  we  have  attempted  to  summarize  the  current  understanding  of  trans¬ 
port  properties  in  Hg-based  superiattices.  Theory  shows  that  the  free  hole  properties 
should  be  highly  sensitive  to  whether  the  uppermost  valence  band  is  HHl  or  LHl.  While 
LHl  dominates  for  small  valence  band  offsets,  HHl  dominates  whenever  A  is  greater  them 
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approximately  200  meV.  For  large  offsets,  theory  predicts  roughly  equal  in  plane  electron 
rind  hole  masses  which  are  approximately  proportional  to  the  energy  gap,  extremely  non¬ 
parabolic  hole  bands,  a  very  large  hole  effective  mass  in  the  growth  direction,  strongly 
mass-broadened  holes  and  electrons  in  narrow-gap  and  zero-gap  structures,  and  a  dou¬ 
ble  semiconductor-semimetal-semiconductor  transition  which  occurs  as  the  well  width  is 
varied.  By  assuming  a  large  A,  we  can  account  for  a  broad  range  of  experimental  data 
in  lowest  order  by  considering  only  the  straightforward  consequences  of  the  theoretical 
dispersion  relations.  However,  the  reported  experimental  observations  would  be  difficult 
to  explain  if  A  were  small,  since  LHt  would  then  be  the  dominant  valence  band  and  the 
predicted  band  edge  properties  would  be  very  different. 

It  should  be  noted  that  detailed  quantitative  theories  for  free  carrier  magneto- 
transport,  optical  and  magneto-optical  transitions,  carrier  recombination  etc.,  which  de¬ 
pend  on  distinctive  features  of  the  Hg-based  superlattice  band  structure,  have  not  yet 
been  developed.  Future  work  should  focus  on  placing  the  broad  qualitative  observations 
discussed  above  on  a  more  rigorous  theoretical  footing. 
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ABSTRACT 

We  report  a  detailed  magneto-trzinsport  investigation  of  HgTe-CdTe  multiple  quan¬ 
tum  wells.  The  data  yield  the  first  experimental  confirmation  of  a  theoretically-predicted 
“negative-gap”  semiconducting  region  in  wide-well  Hg-based  heterostructures.  Gaps  of 
up  to  19  meV  are  observed. 


INTRODUCTION 

It  is  well  known  that  in  the  low- temperature  limit,  the  Hgi_iCdiTe  alloy  system 
is  semiconducting  for  compositions  x  >  0.16  and  semimetallic  for  x  <  0.16.  It  has  re¬ 
cently  been  demonstrated  experimentally[l]  that  HgTe-CdTe  superlattices  are  somewhat 
antilogous  in  that  as  the  well  thickness  dw  is  decreased,  there  is  a  point  at  which  the 
material  undergoes  a  semiconductor  to  semimetal  transition.  Whereas  samples  with  thin 
quantum  wells  are  semiconducting,  superlattices  with  dw  >  78  A  (and  up  to  130  A) 
are  found  to  have  energy  gaps  of  zero  to  within  the  experimental  uncertainty.[l.  2]  The 
observation  of  a  semimetallic  regime  is  easily  understood  theoretically[l]  in  terms  of  a 
crossing  of  the  El  energy  band,  which  has  strong  dispersion  in  the  growth  direction  (k,), 
and  HHl,  which  is  nearly  dispersionless  in  k..  At  well  widths  for  which  the  two  bands 
cross,  both  the  conduction  band  minimum  and  the  valence  band  maximum  lie  at  the  same 
energy  along  different  portions  of  HHl.  Electrons  occupy  the  region  of  the  Brillouin  zone 
between  =  0  and  the  crossing  point  (Atjc)  while  holes  occupy  the  region  between  fcjc 
and  ir/d.  However,  it  has  recently  been  argued  theoretically [3]  that  in  contrast  to  the 
Hgi_iCdiTe  alloy,  HgTe-CdTe  superlattices  should  display  a  second  transition  back  to 
the  semiconducting  state  whenever  the  well  thickness  becomes  so  large  that  the  bands 
no  longer  cross,  i.e,  El  lies  completely  below  HHl.  We  also  point  out  that  the  band 
crossing  responsible  for  the  semimetallic  behavior  occurs  only  when  the  El  band  has  a 
strong  dispersion  in  the  growth  direction.  It  follows  that  HgTe-CdTe  multiple  quantum 
wells  (whose  barriers  are  too  thick  to  allow  significant  interactions  between  neighboring 
wells)  should  display  no  extended  semimetallic  regime.  Instead,  as  the  well  thickness  is 
increased  the  material  should  pass  directly  between  a  positive-gap  semiconducting  state 
and  a  negative-gap  semiconducting  state. 

In  the  present  work,  we  have  carried  out  a  detailed  experimental  magneto- transport 
investigation  of  HgTe-CdTe  multiple  quantum  wells  with  relatively  large  well  widths. 
Energy  gaps  for  each  sample  have  been  determined  from  an  analysis  of  the  temperature 
dependence  of  the  intrinsic  carrier  density.  As  a  consequence,  we  are  able  to  report 
the  first  experimental  verification  of  the  negative-gap  semiconducting  regime  which  is 
predicted  to  occur  at  large  well  thicknesses. 
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QUANTUM  WELL  BAND  STRUCTURES  FOR  WIDE  WELLS 

Recent  publications  have  treated  at  some  length  the  systematics  of  HgTe- 
CdTe  superlattice  band  structures  in  the  positive-gap  semiconducting  and  semimetallic 
regimes. [1,  4]  However,  the  wide-well  (negative-gap  semiconducting)  regime  has  not  pre¬ 
viously  been  discussed  in  any  detail.  We  therefore  briefly  summarize  some  of  the  primary 
considerations. 

Theoretical  band  structures  were  obtained  numerically  using  the  multiband  tight- 
binding  theory  developed  by  Schulman  and  Chang.(5]  A  valence  band  offset  of  350  meV 
was  employed,  and  strain  was  ignored  since  the  present  multiple  quantum  wells  were 
grown  on  lattice-matched  substrates.  Figures  1  and  2  illustrate  results  for  the  in-plane 
(fci)  and  growth-direction  (fcj)  dispersion  relations  of  multiple  quantum  wells  with  two 
different  well  thicknesses,  81  A  and  128  A.  In  both  cases  the  barrier  thickness  of  89  A  is 
wide  enough  that  there  is  no  significant  dispersion  in  tj.  The  theory  predicts  that  Eg  is 
positive  (El  lies  above  HHl)  only  when  dw  <  78  A,  thus  there  is  a  small  negative  gap  of 
5  meV  at  dw  =81  A  (Fig.  1).  In  this  regime  the  energy  gap  is  direct  and  both  electrons 
and  holes  have  very  small  in-plane  effective  masses  near  the  band  extrema.  However,  due 
to  the  side-maximum  at  a;  0.035,  holes  with  energies  only  15  meV  below  the  band 
edge  have  a  much  larger  mass  and  a  much  higher  density  of  states. 


Figure  1.  In-plane  and  growth-direction 
dispersion  relations  for  a  [100]  HgTe- 
Hgo.isCdo.ssTe  multiple  quantum  well 
(dw  =  81  A,  de  =  89  A).  A  valence  band 
offset  of  350  meV  has  been  assumed. 


Figure  2.  In-plane  and  growth-direction 
dispersion  relations  for  a  multiple  quan¬ 
tum  well  with  dw  =  128  A,  de  =  89  A). 
The  indirect  energy  gap  is  indicated. 


When  the  well  thickness  is  increased  to  128  A  (Fig.  2),  El  lies  below  not  only  HHl 
but  also  HH2  and  HH3.  In  this  regime  HHl  is  the  conduction  band  and  HH2  is  the 
valence  band.  Note  that  while  the  negative  energy  gap  increases  with  dw  as  long  as  El 
is  the  valence  band,  it  begins  to  decrease  again  as  soon  as  El  passes  below  HH2.  This 
is  because  reducing  the  quantum  confinement  by  increasing  dw  has  the  effect  of  moving 
the  hole  bands  closer  together,  hence  decreasing  the  gap  between  HHl  and  HH2.  We 
also  find  that  the  valence-hand  maximum  is  now  at  kg  a  0.025,  i.e.,  the  gap  is  indirect. 
In  this  example,  »  9.5  meV  (see  fk"  arrow  in  the  figure)  while  w  17  meV.  The 
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in-plane  niass  for  electrons  has  increased  from  .OOlOmo  in  Fig.  1  to  O.OlTrno  in  Fig.  2  (it 
is  roughly  proportional  to  the  separation  between  HHl  ami  El).  Furthermore,  the  hole 
mass  in  Fig.  2  is  much  larger  than  the  electron  mass,  in  contrast  to  their  near  equality  in 
Fig.  1.  These  implications  of  the  theoretically-derived  band  structures  will  be  considered 
when  the  experimental  data  is  interpreted  below. 


MBE  GROWTH  AND  EXPERI.MENTAL 

Six  100-period  HgTe-Hgo  isCdo  ssTe  multiple  quantum  wells  were  grown  in  an 
MBE  system  which  has  been  described  previously. [6]  Deposition  was  directly  onto  a 
lattice-matched  [100]  Cdi_,ZujTe  substrate  with  no  buffer  layer.  The  well  and  barrier 
thicknesses  listed  in  Table  1  were  accurately  <letermined  from  x-ray  satellite  peaks  in 
conjunction  with  growth-rate  data.(l]  Note  that  the  barrier  thicknc.sses  of  89-109  k  are 
large  enough  to  prevent  any  significant  tunneling  between  neighboring  wells.  Thus  all 
bands  in  these  structures  are  predicted  to  be  nearly  dispiTsionless  in  k,.  in  contrast  to 
most  previous  studies  involving  superlattices  with  much  thinner  barriers  (<  60  .4). 

Table  1  Sample  Characteristics 


dw 

(A) 

dfj 

(A) 

no  [Pol 
(cm”’) 

(cm’/\’s) 

(cin’/Vs) 

( meV ) 

Dir. 

^iheo 

’ind. 

1 

68 

97 

1.8  X  10'* 

5.6  X  10’ 

1.2  X  10’ 

a  0 

-(■17 

2 

83 

99 

2.5  X  10” 

4.8  X  lO’ 

1.1  X  10’ 

8 

-8 

-19 

3 

96 

99 

(2.3  X  10”! 

4.3  X  10’ 

1.4  X  10’ 

11 

-19 

-15 

4 

112 

109 

1.4  X  10'* 

5.1  X  10’ 

2.5  X  10’ 

9 

-19 

-12 

5 

128 

89 

ssO 

5.7  X  10’ 

2.4  X  10’ 

19 

-17 

-10 

6 

160 

102 

[1.7  X  10'*| 

3.9  X  10’ 

2.7  X  10’ 

9 

-12 

—  7 

V'an  der  Pauw  Hall  and  conductivity  tiieasurements  were  jterformed  on  each  .sam¬ 
ple  as  a  function  of  magnetic  field  (0-70  kG)  and  temperature  (4.2-,300  K).  A  mixed- 
conduction  analysis  was  then  employed  to  extract  the  electron  and  hole  densities  find 
mobilities  as  a  function  of  temperature.  In  contrast  to  some  previous  studies  of  HgTe- 
CdTe  heterostructures,  the  data  showed  no  evidence  for  the  presence  of  charge- transfer 
electrons  or  holes. [7,  8]  Furthermore,  in  rontr<ast  to  previous  studies  of  thin-barrier  HgTe- 
CdTe  superlattices,  the  fits  did  not  yield  multiple  electron  or  multiple  hole  species  due 
to  “mass-broadening”. (1,  9|  Table  1  gives  the  electron  or  holi-  concentration  in  the  low- 
temperature  limit  (no  or  po),  along  with  the  maximum  electron  mobility  (which  generally 
occurred  at  intermediate  temperatures),  and  the  electron  mobility  at  300  K. 


RESULTS 

With  increasing  temperature,  the  electron  and  hole  densities  are  observed  to  in¬ 
crease  in  a  manner  consistent  with  the  thermal  generation  of  intrinsic  carriers.  In  previous 
studies  of  Hg-based  superlattices,  analysis  of  the  temperattire  dependence  of  n,  has  been 
found  to  provide  a  valuable  method  for  determining  the  energy  gap.[l]  However,  the 
lowest-order  antdysis  is  slightly  different  in  the  cases  of  a  superlattice.  which  may  be 
thought  of  as  an  anisotropic  three-dimensional  material,  and  a  multiple  quantum  well. 
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which  has  no  kg  dispersion  and  thus  contains  qiiasi-two-dimensional  electron  and  hole 
gases  in  each  well.  Whereas  the  ettrlier  treatmentfl]  had  u.sed  the  conventional  3D  “law 
of  mass  action”  result 


here  we  will  use  the  2D  analog  for  the  intrinsic  density  per  welh 

^  { >iBT\ 


(1) 


(2) 


In  both  expressions,  E°  is  the  zero-temperature  extrapolation  of  the  energy  gap,  y  is  the 
temperature  coefficient  of  Eg{T),  and  and  m^’  are  the  dcnsity-of-states  electron  and 
hole  effective  masses.  Since  the  3D  and  2D  results  have  the  same  exponential  dependences 
on  7"“',  the  key  difference  between  the  two  expressions  is  the  proportionality  to 
where  D  is  the  dimensionality. 

We  see  from  Eq.  (2)  that  if  nj®  is  normalized  to  T  and  plotted  vs  T~'  on  a 
semilog  scale,  the  slope  of  the  curve  should  be  proportional  to  Eg.  For  three  of  the 
multiple  quantum  wells,  such  plots  of  the  experimental  intrinsic  densities  are  illustrated 
in  Fig.  3.(10]  Results  for  the  sample  with  the  thinnest  wells  (68  A)  indicate  that  the 
low-temperature  gap  is  near  zero.  This  compares  with  a  theoretical  value  in  Table  1  of 
-1-17  meV  (theory  predicts  that  the  zero-gap  point  should  occur  when  dvy  ss  76  .A).  When 
dvv  is  increased,  data  for  all  of  the  other  multiple  quantum  wells  show  clear  evidence  for 
the  opening  of  a  negative  Eg.  For  example,  the  slope  shown  in  the  figure  for  Sample  6 
(160  A)  gives  a  gap  of  9  meV.  The  most  dramatic  case  is  Sample  5  (128  A),  for  which 
the  intrinsic  density  freezes  out  by  three  orders  of  magnitude  when  T  is  lowered  from 
60  K  to  15  K.  For  that  sample,  the  data  from  the  figure  yield  Eg  =s  19  meV.[ll]  At  low 
temperatures  (e.g.,  15  K),  is  largest  in  the  68  A  sample  because  its  direct  gap  is  much 
smaller  than  the  indirect  gaps  in  the  other  two  samples.  However,  with  increasing  T, 
kf)T  becomes  comparable  to  the  gaps  of  the  thicker  well  samples  and  the  much  larger 
density  of  states  at  the  indirect  valence  band  maximum  becomes  the  dominant  factor. 
Although  the  increase  of  the  slope  for  the  68  A  sample  at  higher  T  is  probably  due  to  the 
contribution  of  the  indirect  maximum,  that  sample  has  the  largest  Ey*  and  therefore 
the  lowest  intrinsic  density  at  high  T.  A  further  consideration  at  higher  T  is  that  when 
div  is  large,  the  sub-band  spacings  for  HH2,  HH3,  etc.  are  much  smaller  and  higher- 
order  bands  contribute  increasingly  to  the  ar'ailable  density  of  states.  This  probably 
accounts  for  the  larger  n,(300A')  in  Sample  6  than  in  Sample  5.  Comparison  of  the 
experimental  and  theoretical  energy  gaps  listed  in  Table  1  shows  quite  good  agreement 
with  respect  to  the  genertd  magnitudes  of  jE,].  For  the  five  negative-gap  samples,  theory 
gives  values  between  7  and  15  meV  while  the  data  yield  8  to  19  meV.  However,  the 
experimental  dependence  on  dw  is  not  very  systematic.  It  is  unclear  whether  this  is 
due  to  an  insensitivity  of  the  data  to  relatively  small  changes  in  Eg,  or  whether  some 
other  ftictor  which  has  not  been  ciccounted  for  is  having  a  higher-order  effect  on  the 
experimental  results  (e.g.,  band  bending  due  to  unintentional  modulation  doping). 

Shown  in  Fig.  4  are  electron  and  hole  mobilities  as  a  function  of  temperature  for  the 
sample  with  the  thickest  wells  {dw  =  160  A).  We  note  first  that  fin(T)  docs  not  decrease 
significantly  with  increasing  temperature  until  T  >  200  K,  i.e.,  a  positive  slope  persists 
well  into  the  regime  where  phonon  events  have  become  the  dominant  scattering  mecha¬ 
nism.  For  the  series  of  six  multiple  quantum  wells,  there  is  a  nearly  monotonic  increase 
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with  dw  of  the  temperature  at  which  the  electron  mobility  has  its  maximum.  This  quali¬ 
tative  observation  is  easily  understood  in  terms  of  the  theoretical  band  structures  and  the 
relation  between  in-plane  effective  mass  and  the  El-HHl  energy  gap:  mz(T)  oc  \Eg(T)\. 
Since  Eg{T  =  0)  <  0  in  the  present  samples  and  since  dEg/dT  >  0,  there  will  be  some 
intermediate  temperature  at  which  the  gap  passes  through  zero  and  the  mass  has  its 
minimum  value.  While  this  occurs  in  the  low  temperature  limit  for  Sample  1  (dw  =  68 
A),  the  minimum  mass  in  Sample  6  (160  A)  is  not  predicted  to  occur  until  T  as  220  K. 
The  ambient- temperature  electron  mobilities  listed  in  Table  1  are  seen  to  increase  with 
increasing  dw-  This  is  consistent  with  the  theoretical  prediction  that  at  higher  temper¬ 
atures  the  positive  Eg  monotonically  decreases  with  increasing  dw-  We  conclude  that  in 
wide- well  HgTe-CdTe  heterostructures,  the  main  qualitative  features  of  the  temperature- 
dependent  electron  mobility  are  dominated  by  the  strong  variation  of  the  band  structure 
with  T  rather  than  by  the  details  of  the  scattering  mechanisms. 


T  (K) 


Figure  3.  Experimental  2D  intrinsic 
carrier  densities  per  well  (normalized 
by  T)  vs  inverse  temperature  for  three 
HgTe-CdTe  multiple  quantum  wells. 
Well  thicknesses  for  each  sample  are  in¬ 
dicated. 


Figure  4.  Experimental  electron  and 
hole  mobilities  vs  temperature  for  a 
HgTe-CdTe  multiple  quantum  well. 
Hole  mobilities  for  HgTe[12,  13]  are 
shown  for  comparison. 


Whereas  the  btmd  structure  calculations  predict  a  very  light  effective  mass  for  holes 
in  the  thin- well  regime  (see  Fig.  1),  theory  also  predicted  tnat  for  thicker  wells  the  mass 
at  the  indirect  valence  band  maximum  is  roughly  equal  to  that  of  the  heavy  holes  in 
HgTe  (see  Fig.  2).  It  is  therefore  noteworthy  that  the  low- temperature  mobility  ratio 
ftn/Pp  in  Fig.  4  is  only  about  a  factor  of  2  even  though  the  mass  ratio  rrip/mn  should 
be  greater  than  10.  For  comparison.  Fig.  4  also  gives  temperature-dependent  mobilities 
for  holes  in  HgTe.[12,  13]  We  find  that  fip  in  the  multiple  quantum  well  rmd  in  HgTe  are 
quite  simile,  which  is  not  surprising  since  the  effective  masses  and  scattering  mechanisms 
are  probably  comparable.  On  the  other  hand,  while  the  electron  mass  in  Sample  6  is 
predicted  to  be  slightly  smaller  than  that  in  HgTe(14]  (ft;  0.02mo  vs  0.028mo),  the  electron 
mobility  in  the  figure  is  nearly  an  order  of  magnitude  lower  than  that  in  comparably- 
doped  HgTe.[12,  13]  This  may  imply  the  presence  of  an  additional  scattering  mechanism 
in  the  multiple  quantum  well.  One  possibility  is  interface  roughness  scattering,  which  is 
expected  to  have  much  more  effect  on  the  electrons  than  holes  due  to  a  strong  inverse 
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dependence  on  effective  mass.  [15] 


CONCLUSIONS 

We  have  carried  out  a  detailed  magneto-transport  investigation  of  HgTe-CdTe  mul¬ 
tiple  quantum  wells.  The  results  provide  the  first  experimental  confirmation  of  the 
negative-gap  semiconducting  regime  which  had  been  theoretically  predicted]!,  3]  to  occur 
in  HgTe-CdTe  heterostructures  with  wide  quantum  wells.  As  the  well  width  is  increased 
from  68  A  to  160  A,  the  energy  gap  is  observed  to  increase  from  0  to  as  much  as  19 
meV.  We  thus  have  the  counter-intuitive  finding  that  in  some  regions,  the  energy  gap 
increeises  with  decreasing  quantum  confinement.  The  present  data  on  multiple  quantum 
wells  contrast  previous  results  for  superlattices,  which  have  been  found  to  be  semimetidlic 
for  a  broad  range  of  dvv  between  78  and  130  A.  We  also  find  that  for  the  rzinge  of  well 
thicknesses  studied,  the  temperature  at  which  the  electron  mobility  has  its  peak  is  more 
sensitive  to  the  band  structure  than  to  the  details  of  the  scattering  mechanisms.  Due 
to  the  negative  temperature  coefficient  of  the  effective  mass,  /i„  in  thick-well  samples 
increases  with  T  well  into  the  region  where  phonon  scattering  dominates  the  momentum 
relaxation. 
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QUANTUM- CONFINED  STARK  EFFECT  IN  II-VI  SEMICONDUCTOR 
COUPLED  QUANTUM  HELLS 

Z.  Yang,  and  J.  F.  Schetzina,  Department  of  Physics,  North 
Carolina  State  University,  Raleigh,  NC  27695 


ABSTRACT 

The  Quantum-Confined  Stark  Effect  in  II-VI  semiconductor 
coupled  quantum  wells  is  studied  theoretically.  It  is  found  that 
because  of  the  difference  in  localization  of  the  wavefunctions  of 
the  heavy  hole  and  the  electron  subbands  involved,  large  band  gap 
shifts  can  be  induced  by  an  external  electric  field  for  quantum 
wells  with  zero-field  band  gaps  in  the  spectrum  region  from  0.4  (im 
to  12  p,m .  Several  potential  device  applications  based  on  this 
effect  are  proposed. 


INTRODUCTION 

The  Quantum-Confined  Stark  Effect  (QCSE)  in  III-V  semiconductor 
quantum  wells  (QWs)  has  been  studied  extensively  in  recent  years, 
and  various  device  applications  based  on  the  effect  have  been 
demonstrated  (1-3).  The  effect  in  Hg-based  narrow  gap  II-VI 
semiconductor  QWs  was  recently  studied  theoretically,  and  large 
band  gap  shifts  were  predicted  in  coupled  QW  structures  (4,5).  In 
this  paper  we  extend  our  previous  work  [5]  to  II-VI  semiconductor 
QWs  with  zero-field  band  gaps  ranging  from  0.4  Hm  to  12  )lm.  Novel 
device  applications  are  also  proposed. 


QUALITATIVE  ANALYSIS 

A  typical  coupled  QW  structure  chosen  for  study  is  shown  in 
Fig.  1(a)  .  In  the  structure  two  Hgi-xCd^Te  well  layers  are 
separated  by  a  thin  Hgj-yCdyTe  (y  >  x>  wider-band-gap  barrier 
layer,  and  the  three  layers  are  sandwiched  between  two  thick  CdTe 
barrier  layers.  The  structure  can  be  repeated  many  times  to  form 
thick  samples.  The  two  wells  separated  by  the  thin  low  barrier 
within  each  structure  are  coupled  while,  because  of  the  thick  CdTe 
barriers,  each  structure  is  isolated  from  one  another. 

The  QCSE  in  the  coupled  wells  can  be  qualitatively  analyzed  in 
the  following  way;  With  proper  x  and  y  values  and  layer 
thicknesses,  the  electronic  subbands  in  the  structure  are  such 
that  the  first  two  heavy  hole  subbands,  HI  and  H2,  are  above  the 
valence  band  edge  of  the  low  barrier  and  therefore  their 
wavefunctions  are  mostly  localized  in  the  left-side  well  and  in 
the  right-side  well  respectively.  The  first  conduction  subband  El 
lies  above  the  low  barrier  conduction  band  edge  with  its 
wavefunction  thus  extending  over  both  the  wells  and  the  low 
barrier  region.  The  light  hole  subband  LI  is  below  the  valence 
band  edge  of  the  low  barrier  and  its  wavefunction  also  spreads 
over  the  entire  structure.  Its  contribution  to  the  QCSE  is  thus 
very  limited.  When  an  external  electric  field  is  applied 
perpendicular  to  the  well  layers  in  the  direction  shown  in  Fig. 
1(b)  (defined  as  positive  bias),  an  additional  potential  v(z) 
exists,  where  z  is  the  coordinate  along  the  field  direction.  If 
the  center  point  of  the  structure  is  chosen  as  z  =  0  and  V(0)  =  0, 
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V(z)  is  then  positive  when  ^  <  0  and  negative  when  z  >  0.  The 
first  order  perturbation  to  the  energy  of  a  particular  subband  is 

AE  =  /  |4'(z)  |2  v(z)  dz, 

where  'V  (z)  is  the  envelope  wavefunction  of  the  subband.  It  is 
readily  seen  that  the  level  HI  will  increase  in  energy  while  El 
remains  unchanged  as  the  field  strength  increases,  if  the  two 
wells  are  of  the  same  thickness.  Level  H2  will  decrease  in  energy. 
The  band  gap  of  the  structure,  determined  now  by  the  energy 
difference  between  El  and  HI,  will  then  decrease.  When  the  field 
direction  is  reversed  (negative  bias)  H2  will  increase  in  energy 
while  HI  will  decrease  in  energy,  in  exactly  the  same  way  as  for 
positive  bias,  since  the  structure  is  symmetric.  The  band  gap  of 
the  structure,  now  determined  by  the  energy  difference  between  El 
and  H2,  again  decreases  as  the  field  strength  increases. 
Therefore,  for  a  symmetric  coupled-well  structure  the  applied 
electric  field  induces  a  RED  shift  in  the  band  gap  of  the  QW 
structure . 

Suppose  now  the  left-side  well  layer  is  thicker  than  the  right- 
side  one,  as  is  shown  in  Fig.  2.  At  zero  field,  level  HI  is  above 
level  H2 .  The  field  will  induce  either  a  RED  shift  or  a  BLUE 
shift,  depending  on  the  direction  of  the  field.  If  the  field 
direction  is  the  same  as  in  Fig.  2(b)  then,  since  the  band  gap  is 
determined  by  the  energy  difference  between  El  and  HI  as  long  as 
HI  is  above  H2,  and  HI  decreases  in  energy  faster  than  El  does 
when  the  field  strength  increases,  the  band  gap  will  BLUE  shift. 
The  band  gap  will  RED  shift  after  H2  is  above  HI.  Under  positive 
bias,  HI  increases  in  energy  and  the  band  gap  RED  shifts  when  the 
field  strength  increases. 


RESULTS 

The  theoretical  model  used  in  this  work  to  calculate  the 
subbands  of  QWs  in  the  presence  of  an  external  electric  field  has 
been  presented  in  detail  in  our  previous  work  [4,5],  Room 
temperature  bulk  band  parameters  of  Hgi-xCdxTe  alloy  are  used  and 
strain  effects  are  neglected.  The  valence  band  offset  between  HgTe 
and  CdTe  is  taken  as  360  meV  and  a  linear  dependence  of  the  offset 
on  the  composition  is  assumed. 

Figure  3(a)  shows  the  calculated  band  gap  Eg  versus  applied 
electric  field  E  for  a  symmetric  QW  structure  with  both  the  wells 
comprised  of  a  42.12  A  HgTe  layer.  The  low  barrier  is  a  35.64  A 
Hgo.8Cdo.2Te  layer.  The  thick  high  barriers  are  Cdo.85Hgo.15Te 
layers.  The  zero-field  band  gap  of  the  structure  is  118  meV,  or 
10.5  4m.  The  band  gap  decreases  almost  linearly  to  86  meV  when  the 
field  strength  increases  to  100  KV/cm.  Such  a  high  field  is 
attainable  in  Hg-based  QWs,  as  has  been  demonstrated  in  Ref.  6. 
The  band  gap  changes  in  the  same  way  as  the  field  is  reversed, 
since  the  structure  is  symmetric. 

By  using  higher  x-values  for  the  well  and  the  low  barrier,  QWs 
with  zero-field  band  gaps  at  shorter  wavelengths  can  be  obtained. 
An  example  is  shown  in  Fig.  3(b).  Both  wells  are  made  of  a  58.32  A 
Hgo.8Cdo.2Te  layer,  separated  by  a  32.4  A  Hgo.6Cdo.4Te  barrier.  The 
zero-field  band  gap  is  305  meV,  or  4.05  4m.  The  gap  reduces  to  250 
meV  when  the  field  strength  is  100  KV/cm. 

Figure  4  shows  the  change  in  band  gap  Eg  as  a  function  of  the 
applied  field  E,  which  is  pointing  in  the  same  direction  as  in 
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Figure  1.  Schematic  diagram  of  a  symmetric  coupled  quantum  well 
structure.  The  thick  lines  are  the  potential  the  electrons  see  and 
the  dashed  lines  are  the  subband  levels,  (a)  No  applied  field,  (b) 
Under  positive  bias. 
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Figure  2.  Schematic  diagram  of  an  asymmetric  coupled  quantum  well 
structure.  The  thick  lines  are  the  potential  the  electrons  see  and 
the  dashed  lines  are  the  subband  levels,  (a)  No  applied  field,  (b) 
Under  negative  bias. 
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Figure  3.  The  band  gap  Eg  of  symmetric  structures  versus  the 
applied  electric  field  E.  The  gaps  RED  shift  when  the  field  is 
applied,  (a)  The  zero-field  band  gap  of  the  structure  is  118  meV, 
or  10.5  (im.  (b)  The  zero-field  band  gap  is  305  meV,  or  4.05  pm. 


Figure  4.  The  band  gap  Eg  of  an  asymmetric  structure  versus  the 
applied  electric  field  E.  The  structure  is  under  negative  bias. 
The  band  gap  BLUE  shifts  until  the  field  strength  reaches 
65  KV/cm. 
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Fig.  2(b)  for  an  asymmetric  QW  structure.  The  left-side  well  is  a 
55.08  k  HgTe  layer  and  the  right-side  well  is  a  16.2  A  HgTe  layer, 
with  a  4  8.6  A  Hgo.8Cdo.2Te  barrier  in-between.  The  band  gap  BLUE 
shifts  up  to  7  meV  when  the  field  strength  reaches  65  KV/cm.  Level 
H2  is  then  above  HI  when  the  field  strength  further  increases,  and 
the  band  gap  red  shifts  rapidly. 

Structures  with  even  larger  band  gaps  can  be  obtained  by  using 
even  higher  x-values  and  large  band  gap  shifts  continue  to  exist. 
Finally  for  the  structures  with  band  gaps  in  the  visible  light 
region,  we  propose  to  use  ZnSxTei-x/ZnSe  coupled  QWs .  With  an 
x-value  of  0.7,  the  two  semiconductors  are  nearly  lattice-matched. 
If  a  linear  dependence  of  the  band  parameters  of  the  ZnSxTei-x 
alloy  on  the  composition  is  assumed,  then  the  conduction  band  edge 
in  ZnSo.iTeo.a  will  be  about  250  meV  above  that  in  ZnSe,  while  its 
valence  band  edge  will  be  about  300  meV  below  that  in  ZnSe .  The 
ZnSo .  3Teo .  i/ZnSe  can  then  be  used  to  form  a  type-I  QW,  with  ZnSe 
being  the  well  and  ZnSo.7Teo.3  being  the  barrier.  ZnSxTei-x  with  an 
x-value  slightly  lower  than  0.7  can  be  used  as  the  low  barrier  in 
the  coupled  well  structure.  Large  band  gap  shift  with  the  electric 
field  is  expected. 


APPLICATIONS 

One  potential  application  of  the  QCSE  in  II-VI  QWs  is  for  high 
speed  electrooptic  modulators  in  the  important  infrared  spectral 
regions  from  8  to  12  (im  and  from  3  to  5  )im,  and  in  the  visible 
region  near  4000  A.  A  light  beam  with  photon  energy  slightly  below 
the  zero-field  band  gap  of  a  coupled  QW  structure  will  pass 
through  it  with  little  loss.  When  a  bias  is  applied  to  the 
structure,  the  band  gap  shifts  to  lower  energy  and  the  incident 
light  will  be  absorbed.  The  intensity  of  the  transmitted  light  is 
therefore  controlled  by  the  bias  voltage.  The  switching  speed  of 
such  a  device  is  mainly  limited  by  the  RC  time  constant  of  the 
bias  circuit,  as  has  been  demonstrated  in  III-V  QWs  [2] . 

Another  application  is  the  self-electro-optic  device  (SEED) 
[3] .  QWs  with  band  gaps  that  can  be  BLUE  shifted  are  needed,  since 
in  narrow  gap  II-VI  QWs  there  is  no  excitonic  feature  near  the 
band  edge  absorption.  The  device  circuit  includes  a  constant 
voltage  source,  a  coupled  QW  and  a  series  resistor.  When  there  is 
no  incident  light,  there  is  a  certain  voltage  drop  across  the 
series  resistor.  The  remaining  source  voltage  is  across  the  QW  and 
its  band  gap  is  blue  shifted.  A  monochromatic  light  beam  with 
photon  energy  slightly  below  the  shifted  band  gap  is  incident  on 
the  QW.  When  the  light  intensity  is  low,  little  photo-current  is 
generated  and  the  QW  is  transparent  to  the  light.  However,  when 
the  intensity  is  high,  additional  photo-current  is  generated,  and 
the  voltage  drop  across  the  series  resistor  increases,  and  the 
bias  on  the  QW  decreases.  The  reduction  of  the  bias  then  shifts 
the  band  gap  to  lower  energy,  which  in  turn  increases  the  light 
absorption  and  therefore  increases  the  photo-current,  which  in 
turn  further  reduces  the  bias.  Such  a  positive  feed-bac)c  process 
will  quiclcly  shift  the  band  gap  from  above  the  photon  energy  to 
below  the  photon  energy,  until  a  flat  absorption  region  is 
reached.  The  QW  is  then  opaque  to  the  incident  light. 

A  third  application  is  a  non-linear  optical  device,  where  a 
high  power  laser  beam  provides  the  electric  field  for  a  symmetric 
QW  structure.  The  beam  should  be  incident  at  an  angle  relative  to 
the  QW  layers  so  that  there  is  a  finite  component  of  the  electric 
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field  perpendicular  to  the  QW  layers,  or  the  beam  could  be  coupled 
in  so  that  it  propagates  parallel  to  the  layers,  with  its 
polarization  being  perpendicular  to  the  layers.  The  oscillating 
electric  field  induces  a  red  shift  of  the  band  gap  and  therefore 
alters  the  optical  properties  of  the  structure.  Such  a  non-linear 
optical  process  is  expected  to  be  very  fast,  since  no  band  filling 
or  thermal  redistribution  of  the  electrons  is  needed  in  order  to 
induce  the  process . 

In  summary,  we  have  demonstrated  theoretically  that  in  II-VI 
semiconductor  coupled  quantum  well  structures  large  band  gap 
shifts  can  be  induced  by  an  external  electric  field  applied 
perpendicular  to  the  QW  layers.  The  zero-field  band  gap  of  the 
structure  can  be  chosen  to  be  anywhere  from  0.4  |lm  to  10  Jim.  These 
QCSE  structure  can  be  used  as  electro-optic  modulators,  self¬ 
electro-optic  devices,  and  ultrafast  non-linear  optical  devices. 
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ABSTRACT 

Much  of  the  work  in  diluted  magnetic  semiconductors  (DMS)  in  past  years  has  focused 

on  the  Ai!jjMn,B'^  alloys  such  as  Cdi-xMoxTe.  Recently,  there  has  been  an  increasing  accent 
on  DMS  alloys  containing  the  transition  metal  ions  Fe2+  and  Co2+.  We  review  here  the 

properties  of  these  new  materials  and  compare  them  with  the  A\’,MnxB'^  alloys.  We  also 
examine  the  novel  opportunities  afforded  by  the  molecular  beam  epitaxy  of  epilayers  and 
heterostructures  containing  the  "metastable"  zinc-blende  phase  of  Cdi-xMnxSe. 


INTRODUCTION 

The  term  "diluted  magnetic  semiconductor"  (DMS)  was  originally  coined  to  describe 
alloys  such  as  Cdi-xMnxTe  in  which  Mn2+  ions  are  randomly  substituted  for  the  group  II  atoms 
in  a  n-VI  semiconductor  [1].  However,  this  nomenclature  has  grown  to  include  diverse  systems 
derived  from  other  semiconductors  (such  as  IV-VTs)  and  incorporating  other  magnetic  ions 
(such  as  Co^*,  Fe^'*'  and  Eu2+)[2].  Moreover,  the  non-equilibrium  technique  of  molecular  beam 
epitaxy  (MBE)  has  enabled  the  growth  of  DMS  materials  not  readily  accessible  to  bulk  growth, 
such  as  zinc-blende  phases  of  MnSe  [31,  MnTe  [4],  FeSe  [5]  and  (jdi-xMnxSe  [6],  as  well  as  a 
new  class  of  DMS  alloys  derived  from  III-V  semiconductors  [7).  In  tk’'  paper,  we  review  the 

properties  of  some  of  the  new  II-VI  materials,  beginning  with  the  A\!,FexB'^alloys.  We  then 

discuss  the  new  a’iIjCoxB'^  alloys  (Zni-xCoxSe,  Zni-xCOxS  and  (Tdi-xCoxSe),  followed  by  a 
look  at  the  opportunities  provided  by  the  epitaxial  growth  of  zinc-blende  Cdj.xMnxSe,  and 
conclude  with  a  look  at  future  prospects. 


A'l'jFexB''' DMS  ALLOYS 

As  shown  in  Table  1,  the  A',,’,FexB''i  alloys  grown  to  date  include  both  wide-gap 
materials  (Zni-xFexSe  [8,9]  and  Cdi-xFexSe  [10]),  as  well  as  narrow-gap  alloys  (Hgj.xFexSe 
[11,  12]  and  Hgi.xFexTe  [13]).  The  alloy  Hgi-xFcxSe  is  of  great  interest  due  to  the  unique 
relationship  between  the  Fe^'*’  level  and  the  bottom  of  the  conduction  band  of  HgSe.  Since  the 
properties  of  this  alloy  have  been  extensively  reviewed  elsewhere  [11,  12],  we  shall  omit  this 
material  in  the  present  review. 

The  ground  state  of  Fe^*  is  a  non-degenerate  A 1  orbital  singlet  that  has  no  permanent  magnetic 
moment.  At  high  temperatures,  there  is  sufficient  contribution  from  excited  states  with  a  finite 
moment  so  as  to  give  paramagnetic  behavior  with  S  =  2.1  [10].  The  values  of  the  nearest- 
neighbor  d-d  exchange  integral  J  as  deduced  from  the  Curie-Weiss  behavior  of  the  high 

temperature  static  susceptibility  are  comparable  to  those  in  the  corresponding  a'iI^MujE'^  alloys 
-  see  Table  I.  At  low  temperatures,  the  non-magnenc  ground  state  of  Fe^'*'  results  in  Van  Vleck 

paramagnetism,  as  opposed  to  the  Brillouin  paramagnetic  behavior  of  the  a'iIjMoxB'^'  alloys. 
This  was  first  demonstrated  in  studies  of  Hgi.xFcxTe  [13],  and  also  later  inferred  from  studies 
of  Cdi-xFexSe  [10]  and  Zni.jFexSe  [8,9]. 
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TABLE  I.  Crystal  structure,  composition  range  and  exchange 
constants  of  =  C6^*,  Fe^*)  alloys. 


Alloy 

Crystal 

Strucmre 

Composition 

Range 

Jdd(K) 

Noa 

No(a-P) 

Zni_xCoxS 

zinc  blende 

0<x<0.12 

-47±6 

— — 

.... 

Zni-xCoxSc 

zinc  blende 

0<x<0.06 

-54+8 

2.42 

Zni-xFexSe 

zinc  blende 

0<x<0.30 

-22 

.... 

1.56 

Cdi-xCoxSc 

wunzite 

0<x<0.22 

37±5 

0.32 

Cdi-xFexSe 

wurtzite 

0<x<0.15 

-19 

0.23 

2.13 

Hgi-xFexSe 

zinc  blende 

0<x<0.15 

-18 

.... 

.... 

Hgi-xFexTe 

zinc  blende 

0<x<0.12 

.... 

.... 

Fig.  1.  Band  diagrams  for  a  Zni.xFexSe/ZnSe/Zn|.,FcxSe  single  quantum  well  structure,  (a)  In 
zero  magnetic  field,  the  effect  of  strain  removes  the  degeneracy  between  heavy  hole  and  light 
hole  states,  (b)  In  the  presence  of  a  magnetic  field,  there  is  a  spin  splitting  of  the  conduction 
band  and  the  heavy  hole  valence  band.  Transitions  excited  by  (1*  and  tr  polarizations  of  incident 
light  are  indicated,  as  well  as  the  general  shapes  of  the  single  particle  wavefunctions.  [  14] 
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The  growth  of  Zni.xFcxSe  by  MBE  is  of  panicular  interest  both  because  of  the  wide 
alloy  composition  range  (0  S  x  i  1)  [5]  and  because  of  the  unusual  properties  of 
ZnSe/Zni.xFcxSe  quantum  well  structures  [14],  Magneto-reflectivity  smdies  of  pseudomorphic 
ZnSe/Zni-xFcxSe  (x  =  0.1)  single  quantum  wells  grown  on  (100)  GaAs  reveal  a  novel  situation 
in  which  the  confining  valence  band  potential  in  a  magnetic  field  is  determined  mainly  by  the 
tnagnetic-field-induc^  spin  splitting.  As  shown  in  Fig.  1,  in  zero  magnetic  field  the  heavy  and 
light  hole  states  are  split  as  a  result  of  strain.  The  application  of  a  magnetic  field  removes  the 
degeneracy  between  the  heavy  hole  mj  =  3/2  and  mj  =  -3/2  states,  raising  the  energy  of  the 
former  while  lowering  the  energy  of  the  latter.  At  high  enough  magnetic  fields,  the  spin  splitting 
results  in  a  novel  spin-dependent  confinement:  heavy  holes  in  the  mj  =  3/2  state  are  confined  to 
the  ZnSe  well  (type  I  behavior),  while  simultaneously,  holes  in  the  mj  =  -3/2  state  are  confined 
to  the  Zni-xFexSe  barrier  (type-II  behavior).  This  band  alignment  is  tuamatically  manifested  in 
astrongly  asymmetric  Zeeman  shift  of  the  reflectivity  signatures  associated  with  the  spin-split 
heavy-hole  states.  Since  holes  in  the  mj  =  -3/2  state  are  confined  to  the  Zni.xFcxSe  region,  the 
associated  optical  transition  (excited  by  light  polarized  in  the  a*  sense)  experiences  a  very  large 
sp-d  exchange-related  Zeeman  shift.  However,  the  mj  =  3/2  holes  are  confined  to  the  non¬ 
magnetic  ZnSe  layer  and  hence  the  associated  reflectivity  feature  (excited  by  O'  polarization) 
shows  a  relatively  small  shift.  The  magneto-reflectivity  experiments  allow  an  accurate  and 
elegant  determination  of  the  valence  band  offset  between  2jiSe  and  Znq  gFeq.jSe.  It  is  estimated 
that  the  valence  band  offset  is  only  1.5  meV,  which  is  about  1.5%  of  the  tot^  unstrained  band 
offset.  By  comparison,  the  spin-splitting  in  ^o.9Mno.lSe  at  a  field  of  10  kG  is  almost  a  factor 
of  10  larger  (about  13  meV),  hence  permiuing  the  spin- segregation  effects  just  described. 


a’,!,co,b'^  dms  alloys 

TheA'ilxCOxB'^'  alloys  have  been  prepared  by  chemical  vapor  transport  [15],  sintering 
[16]  and  by  MBE  [17].  As  indicated  by  Table  I,  the  incoiporation  of  Co2+  into  a  D-Vl  host 
lattice  is  not  easily  accomplished,  resulting  in  a  limited  alloy  composition  range.  Apparently, 
even  the  non-equiUbrium  technique  of  MBE  cannot  overcome  this  difficulty  [17]. 

The  atomic  ground  state  of  Co^*  (3df)  in  a  tetrahedral  environment  is  an  orbital  singlet 

('‘A2)  with  a  spin  S  =  3/2.  Consequently,  the  A]'xCoxB'^  alloys,  like  the  alloys, 

are  Brillouin  paramagnets.  However,  due  to  spin-orbit  mixing  of  the  ‘*A2  ground  state  with  the 
next  excited  state  triplet  (‘*T2),  the  Co^+  ion  acquires  a  significant  orbital  angular  momentum 
component,  leading  to  a  Lande  g-factor  larger  than  the  spin-only  value  for  Mn7+  (g  =  2).  For 
instance,  the  g-factor  measured  in  Zni-xCoxSe  and  Cdi.xCoxSe  is  2.27  [18]  and  2.32  [19], 
respectively.  Another  striking  difference  between  the  Mn-  and  Co-based  alloys  lies  in  the 
values  of  both  the  sp-d  and  d-d  exchange  constants,  which  are  much  larger  in  the  latter  class. 
Since  these  two  types  of  exchange  are  at  the  root  of  the  unique  magnetic  and  magneto-optical 
properties  of  DMS  alloys,  the  experimental  determination  of  the  associated  exchange  integrals  is 
extremely  important,  and  we  now  address  this  issue. 

Static  susceptibility  measurements  have  been  employed  to  deduce  the  nearest-neighbor 
Co-Co  exchange  integral  J  in  Zni.xCojSe  (x  ^  0.05)  and  Zni-xCoxS  (x  ^  0.145)  single  crystals 
grown  by  chemical  vapor  transport  [15].  TTie  d-d  exchange  integral  calculated  from  the  Curie- 
Weiss  temperature  has  values  of  J  =  47  +  6K  and  -54  ±  8K  for  the  sulfide  and  the  selenide, 
respectively.  These  values  are  at  least  three  times  larger  than  the  d-d  exchange  in  the 

corresponding  Mn  alloys.  Furthermore,  the  A'iIjCoxB'^  alloys  do  not  seem  to  follow  the 

chemical  trends  found  in  the  A' fxMnxB'^  alloys:  the  exchange  inte^al  is  Zni-xCoxSe  is  larger 
than  in  Zni.xCoxS,  unlike  the  corresponding  Mn-based  alloys.  Since  a  detailed  theoretical 

calculation  of  the  exchange  in  the  A\!,CoxB'^'  alloys  is  not  yet  available,  the  reason  for  this 
change  in  trends  is  not  understood. 

Another  method  of  measuring  the  d-d  exchange  integral  is  by  means  of  inelastic  neutron 
scattering,  and  this  technique  has  been  successfully  used  for  single  crystal  as  well  as 
polycrysuilline  sintered  samples  of  Zni-xCoxS  [16].  Essentially,  the  inelastic  neutron  scattering 
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technique  directly  probes  the  energy  spectrum  of  a  pair  of  magnetic  ions.  The  three  excited 
states  for  a  Co2+-Co2+  pair  are  2J,  6J  and  12J  for  a  total  spin  of  St  =  1,2  and  3,  respectively. 
The  neutron  energy  loss  in  an  inelastic  scattering  process  is  equal  to  the  difference  between  two 
neighboring  levels,  with  the  selection  rule  ASj  =  0,  ±  1.  At  very  low  temperatures,  practically 
all  the  pairs  are  in  the  lowest  energy  state  Sj  =  0.  Hence,  only  one  transition  (Sy  =  0  to  Sy  =  1) 
corresponding  E  =  2J  is  seen.  At  higher  temperatures,  the  Sy  =  1  to  Sy  =  2  transition  becomes 
possible,  giving  rise  to  an  additional  peak  at  E  =  4J.  The  observation  of  such  peaks  (shown  in 
Fig.  2)  hence  allows  the  very  direct  and  precise  determination  of  J  =  47.5  ±  0.6K  for 
2ni-xCoxS. 
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The  sp-d  exchange  integral  in  Znj.jCoxSe 
has  been  determined  from  magneto- 
reflectivity  experimenl.s  performed  on 
epilayers  grown  on  (100)  G^s  118).  These 
experiments,  which  measure  the  excitonic 
spin-splitting  in  a  magnetic  field,  yield  the 
parameter  No(ot  -  (})  =  2.42  ±  0.04  meV, 
where  a  and  P  describe  the  e.xchange 
between  the  Co  ions  and  valence  band  and 
between  the  Co  ions  and  conduction  band, 
respectively.  This  is  almost  twice  as  large 
as  in  Znj.xMnxSe.  The  sp-d  exchange  in 
Cdj.xCoxSe  has  been  deduced  by  observing 
spin-flip  Raman  scattering  from  electrons 
bound  to  donors  [19).  By  measuring  the 
Raman  shift  of  such  a  spin-flip  resonance  as 
a  function  of  magnetic  field,  it  is  possible  to 
deduce  the  value  of  the  sp-d  exchange 
integral  a  and  this  is  found  to  have  a  value 
of  around  320  meV.  (For  comparison. 
Noa  =  261  meV  for  Cdi.xMnxSe.) 

CUBIC  Cdi.xMnxSe:  EPITAXIAL 
LAYERS  AND  MODULATED 
STRUCTURES 


nsfgy  (trie  )  jj  jp  bulk, 

Cdi-xMnxSe  —  like  CdSe  --  crystallizes 
exclusively  in  the  hexagonal  wurtzite  phase 
(1).  However,  epitaxial  growth  of  CdSe 
[20)  and  Cdi.xMnxSe  (6)  by  MBE  on  (100) 
zinc-blende  substrates  can  produce  single¬ 
phase  zinc-blende  epilayers.  The  isolation  of 
this  phase  is  aided  by  at  least  two  factors. 
First,  at  the  low  growth  temperatures 
(around  200°  C)  employed  in  the  MBE 
process,  the  zinc-blende  phase  is  likely  to  be 
more  stable  than  the  wurtzite  [21  J.  Second, 
the  symmetry  of  the  (100)  face  is 
incompatible  with  that  required  for  the 
coherent  nucleadon  of  a  hexagonal  structure. 
We  find  that  single-phase  zinc-blende  Cdi-xMnxSe  can  be  grown  directly  on  (100)  GaAs,  as 
well  as  on  buffer  layers  of  ZnSe  and  ZnTe  grown  on  (100)  GaAs. 

have  also  examined  the  growth  of  the  following  modulated  structures: 
^Se/Cdi.,MnxSe  [6]  and  ZnTe/Cdi.xMn,Se.  These  two  systems  are  extremely  attractive 
because  they  provide  deep  magnetic  quantum  wells  situated  between  non-magnetic  barriers. 


Figure  2.  Inelastic  neutron  scattering  spectra 
obtained  from  triple  axis  spectrometer 
measurements  on  Zno,94Mno.06S  at  various 
temperatures,  showing  the  decrease  of  the 
intensity  of  the  0->  1  transition  (E  =  2J),  and  the 
emergence  of  the  l-»2  peak  (E  =  4J)  with 
increasing  temperature.  As  shown  in  the  inset, 
the  maximum  emerging  a  E  =  1 1  meV  is  also 
seen  in  the  data  from  pure  ZnS,  indicating  that 
this  effect  arises  from  phonon  scattering. 
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This  offers  the  possibility  of  observing  dramatic  magnetic-field-induced  effects  due  to  the  sp-d 
exchange,  particularly  when  the  Mn  concentration  is  in  the  vicinity  of  x  =  0. 1.  Further,  since 
Cdi-xMnxSe  can  be  easily  doped  n-type,  such  structures  are  potential  candidates  for  studying 
confinement  and  localization  effects  on  phenomena  such  as  the  bound  magnetic  polaron  and 
spin-flip  Raman  scattering  from  donor-bound  electrons.  We  discuss  here  the  opportunities 
provided  by  the  growth  of  such  heterostructures,  and  also  examine  the  difficulties  encountered 
so  far. 


Cdi-j^rixSeEpilayers  on  (100)  GoAs 


The  stabilization  of  single-phase  zinc-blende  epiiayers  of  Cdi.xMnxSe  on  (100)  GaAs  is 
possible  for  a  wide  composition  range  (0^x5  0.8)  [6].  The  lattice  mismatch  between  the 
Cdi-xMnxSe  epiiayers  and  GaAs  varies  from  around  1%  to  4%  for  this  composition  range. 
(We  recall  that  bulk-growth  of  single-phase  wurtzite  Cdi-xMoxSe  is  limited  to  x  <  0.5  [1].)  The 
single-phase  zinc-blende  structure  of  these  epiiayers  is  clearly  indicated  by  both  transmission 
electron  microscopy  (TEM),  as  well  as  x-ray  diffraction.  Further,  the  epiiayers  show  clear 
Raman  phonon  spectra  characteristic  of  cubic  symmetry,  as  shown  in  Fig.  3  [22].  It  is  likely 
that  very  thin  epiiayers  of  composition  larger  than  x  =  0.8  can  also  be  stabilized,  for  instance  in 
ZnTe/Cdi-xMnxSe  superlattices,  and  this  possibility  is  currently  being  investigated. 

After  examining  the  epitaxy  of  Cdi,xMnxSe/(100)  GaAs  using  a  wide  variety  of  growth 
conditions,  we  have  concluded  that  the  epiiayers  -  at  least  those  grown  so  far  -  tend  to  contain 
a  large  number  of  structural  defects.  This  is  indicated  by  broad  double  crystal  rocking  curves 
(with  full  width  at  half  maximum  (FWHM)  typically  around  1800  arc-seconds)  and  broad 
photoluminescence  (PL)  spectra  dominated  by  mid-gap  defect  states.  TEM  observations  indicate 
that  the  predominant  structural  defects  are  stacking  faults  that  occur  in  the  [1 1 1]  direction  [23]. 
The  stacking  fault  density  as  seen  in  TEM  cross-sectional  views  of  orthogonal  [110]  faces  is 
highly  asymmetric,  suggesting  that  they  arise  due  to  unequal  propagation  rates  of  different  [111] 
growth  fronts. 

The  most  dramatic  experimental  phemonenon  exhibited  by  Cdi-xMoxSe  epiiayers  occurs 
in  neutron  diffraction  experiments  [24].  We  have  found  clear  evidence  for  a  second-order 
antiferromagnetic  phase  transition  in  Cdi.xMnxSe  epiiayers  for  x  ^  0.70.  This  is  deduced  from 
the  appearance  of  diffraction  peaks  corresponding  to  long-range  type-111  antiferromagnetic  order 

(AFM-lIl,  see  Fig.  4)  at  temperatures  below  a 
well-defined  Neel  temperature  (in  the  vicinity  of 


RAMAN  SHIFT  (em*') 


56  K).  The  correlation  lengths  deduced  from 
these  experiments  are  around  300  A.  (We 
believe  that  the  extent  of  the  AFM-lIl  ordering 
in 

Cdi-xMnxSe  epiiayers  is  limited  only  by  the 
presence  of  crystalline  defects  such  as  stacking 
faults.)  These  coirelabon  lengths  are  in  marked 
contrast  with  studies  of  bulk-grown  single¬ 
crystal  DMS  alloys  of  comparable  Mn 
concentration  (Cdo.3Mno.7Te  and 
Zno.32Mno.68Te),  where  the  AFM-III 
correlations  increase  gradually  with  decreasing 
temperature,  eventually  reaching  saturation 
values  of  at  most  70  A.  Experimental  studies  of 

magnetic  ordering  in  A\!xMnxB'^  alloys  in  the 
composition  range  x  >  0.6  are  of  fundamental 


importance  to  the  understanding  of  randomly 


Figure  3.  Raman  spectrum  of  a  zinc-blende 
Cdo.gaMno.ieSe  epilayer  at  T  =  5  K.  The 
spectrum  was  recorded  in  the  backscattering 
geometry  z(xx)2  with  an  incident  wavelength 
of6328  A.[22] 


diluted,  fully  frustrated  Heisenberg  vector 
antiferromagnets  [25].  Consequently,  efforts 
aimed  at  improving  the  crystalline  quality  of 
Cdi-xMnxSe  epiiayers  in  this  composition  range 
are  continuing. 
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Fig.  4.  Neutron  diffraction  spectrum  at  T  =  5K  from  a  2  pm  thick  epilayer  of  Cdo.25Mno,7oSe 
grown  on  (100)  GaAs,  showing  the  (0,2,0)  nuclear  peak  and  the  (l,l/'2,0)  and  (l,3/2,0) 
magnetic  peaks  corresponding  to  AFM-III  order.  The  scans  were  carried  out  for  the 
longitudinal  direction,  and  the  peaks  are  plotted  as  a  function  of  the  magnitude  of  the  Q-vector. 
Note  that  the  widths  of  the  magnetic  and  nuclear  peaks  are  about  the  same.  The  correlation 
length  estimated  from  the  width  of  the  magnetic  peaks  is  380  ±  80  A. 


ZnSe/Cdi-xMnxSe  Heterostructwes 

Although  Cdi-^Mn^Se  has  about  the  same  lattice  mismatch  with  ZnSe  as  with  GaAs, 
one  might  expect  better  nucleation  of  Cdi-jMn,Se  on  an  epitaxially  grown  ZnSe  buffer. 
Surprisingly,  this  is  not  the  case,  and  a  three-dimensional  nucleation  is  observed. 
Consequently,  ZnSe/Cdi-xMn^Se  quantum  well  structures  have  atomically  rough  interfaces  - 
clearly  indicated  by  TEM  observations  -  and  characteristically  show  broad  (FWHM  ~  50  meV) 
PL  peaks  [6].  Despite  these  imperfections,  ZnSe/Cdi-xMnxSe  superlattices  exhibit  a  spectacular 
spin-flip  Raman  spectrum,  in  which  the  resonances  associated  with  transitions  within  the 
Zeeman-split  Mn^*  manifold  ("Raman-EPR")  are  highly  enhanced.  This  allows  the 
unprecedented  observation  of  seven  orders  of  spin-flip  resonances,  as  shown  in  Fig.  5  [22]. 
The  reason  for  this  large  enhancement  is  not  completely  understoc  d,  but  is  quite  intriguing, 
especially  given  the  structural  imperfections  in  this  system. 
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Fig.  5.  Raman-EPR  spectrum  of  a  ZnSe/Cdo,9Mno.iSe  superlatiice  at  T  =  5  K.  The  spin-flip 
resonances  labeled  nPM  (n  =  1,  2,.. .7)  have  Raman  shifts  in  a  magnetic  field  H  given  by 
=  ngpBH,  with  g  =  2  for  Mn2+.  The  spectrum  is  obtained  in  the  crossed  polarization 
configuration  z(yx)z,  with  the  magnetic  field  along  x  and  incident  wavelength  of  6764  A  [22]. 


ZnTelCdi-xMrij^e  Heterostructures 

In  contrast  to  the  growth  of  Cdi.xMnxSe  on  ZnSe,  RHEED  observations  indicate  a 
smooth  two-dimensional  nucleation  of  Cdi-xMnxSe  on  ZnTe.  As  a  consequence, 
Cdi-xMnxSe/ZnTe  heterostructures  can  be  expected  to  much  better  interface  quality  than 
Cdi-xMnxSe/ZnSe.  In  this  system  of  heterostructures,  the  lattice  mismatch  ranges  from  around 
0.2%  for  CdSe/2inTe  to  around  4%  for  MnSe/ZnTe.  RHEED  observations  further  show  that 
the  growth  of  Cdi.iMnxSe  layers  on  ZnTe  proceeds  reasonably  well  for  thicknesses  less  than 
under  about  2000  A.  Beyond  this  limit,  RHEED  indicates  the  rapid  formation  of  structural 
defects.  The  microscopic  nature  of  these  defects  is  currently  being  studied  by  TEM.  It  appears 
that  ZnTe/Cdi-xMnxSe  superlattices  with  a  small  number  of  periods  (10-20)  can  be  grown  with 
sharp  interfaces  and  few  defects  as  long  as  the  Cdi-xM^xSe  layer  thicknesses  arc  kept  small  (for 
instance,  see  Fig.  6)  [26]. 

Such  ZnTe/Cdi-xMuxSe  superlattices  offer  an  unusual  system  of  band  configurations. 
Theoretical  estimates  [27]  of  the  valence  band  offset  of  CdSe/ZnTe  predict  a  type-II  alignment, 
since  the  valence  band  of  ZnTe  (Eg  =  2.3  eV)  is  about  350  meV  above  that  of  CdSe 
(Eg  =  1.67  eV  for  cubic  epilayers  [20]).  Consequently,  we  expect  ZnTe/Cdi.xMnxSe  to  also 
form  a  type-II  superlattice  for  small  x,  with  holes  confined  to  the  ZnTe  layers  and  electrons  in 
the  magnetic  Cdi-xMnxSe  layers.  With  increasing  Mn  concentration,  the  energy  gap  of 
Cdj-xMnxSe  increases,  while  the  valence  band  is  expected  to  remain  relatively  stationary. 
Consequently,  beyond  some  value  of  x,  the  band  alignment  of  ZnTe  and  Cdi-xMnxS  will 
transform  to  a  type-I  configuration,  with  both  holes  and  electrons  confined  to  the  ZnTe  layers. 
We  are  currently  performing  optical  measurements  of  ZnTe/Cdj-xMnxSe  superlattices 
(x  =  0, 0.3,  1)  to  test  these  ideas. 
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Fig.  6.  TEM  image  of  a  10-period 
ZnTe/Cdo.7pMno.3oSe  multiple  quantum  well 
structure,  with  20A  layers  of  Cdo.70Mno.30Se 
and  26  A  layers  of  ZnTc.  The  buffer  and  cap 
layers  are  ZnTe,  and  the  entire  structure  is 
grown  on  a  (100)  GaAs  substrate  [26]. 
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ABSTRACT 

CdTe/Cdj  ^Mn  Te  superlattices  with  well/barrier  thicknesses  ranging  from  20A  to 
300A  were  examined  via  plan  and  cross  section  TEM  in  analytical  instruments  capable  of 
EDX  and  CL.  Misfit  dislocations,  inclined  dislocations  and  stacking  faults  were  observed 
with  a  net  density  of  around  I0°cm'^. 

It  was  observed  that  the  dislocations  originated  near  the  subsirate/epilayer 
interface  and  that  stacking  faults  appeared  preferrentially  on  the  pair  of  {lll)B 
(tellurium  terminated)  planes  in  the  growth  direction  rather  than  on  the  {lll)A  planes. 

It  is  suggested  that  this  is  due  to  a  difference  in  mobility  between  a  and 
dislocations  originating  at  or  near  the  substrate. 


INTRODUCTION 

II-VI  semiconductors  are  becoming  important  as  their  large  band-gaps  are  suited 
to  optoelectronic  devices  such  as  solid  state  lasers  and  optical  detectors.  Furthermore, 
dilute  magnetic  semiconductors  (DMS)  such  as  CdMnTe  offer  additional  applications  as 
the  interaction  between  their  electronic  and  magnetic  properties  produces  large  magneto¬ 
optical  effects  such  as  magnetically  tunable  band  gaps  [I].  Molecular  beam  epitaxy  (MBE) 
growth  techniques  allow  high  quality  epilayers  to  be  grown,  including  quantum  well  and 
superlattice  structures  which  exploit  two  dimensional  confinement  effects  for  band  gap 
tailoring  purposes,  and  have  been  found  to  be  strong  photo-emitters. 

This  study  involves  CdTe/Cdj  j^Mn^Te  superlattice  structures  grown  on  (100)  InSb 
at  Hull  University.  Values  of  x  were  near  to  0.2  and  quantum  well  thicknesses  varied 
between  20  and  300A  .  InSb  was  chosen  as  the  substrate  material  for  its  good  lattice 
matching  with  both  CdTe  (approximately  0.02%  mismatch  at  25"C)  and  Cdj_^Mn  Te 
(approximately  0.45%  at  25“C  for  x=0.2).  Furthermore  high  quality  InSb  is  avail^le 
which  is  suited  to  low  temperature  MBE  growth  [2],  reducing  the  interdiffussion  of 
layers. 

Samples  of  the  CdTe/CdMnTe  system  have  been  examined  in  both  cross  section 
and  plan  view  transmission  electron  microscopy  (TEM),  with  both  orientations  revealing 
extensive  detail.  A  typical  sample  consists  of  a  (100)  InSb  substrate  on  which  a  lOOOA 
CdTe  buffer  layer  is  grown,  followed  by  a  2000A  CdMnTe  isolating  layer.  This  CdTe 
buffer  layer  has  been  found  to  be  critical  to  layer  quality  (2].  Superlattices  comprising  of 
wells  and  barriers  of  equal  thickness,  between  20  and  300A  for  different  samples,  with 
an  overall  thickness  of  about  1500A  are  then  grown  on  this  base.  A  second  2000A 
CdMnTe  capping  layer  is  finally  grown  to  allow  manganese  composition  determination  by 
photoluminescence  (PL). 

The  (100)  p-type  InSb  substrates  were  chemically  cleaned  and  surface  oxide  was 
removed  in  vacuo  using  argon  ion  milling  and  growth  temperature  thermal  anneal  cycles 
until  C(8x2)  surface  reconstruction  was  observed  using  is  situ  RHEED.  The  superlattices 
were  grown  in  a  VG  Semicon  V80H  MBE  system  using  high  purity  CdTe  and  Mn 
sources.  Layers  were  grown  at  a  rate  of  0.5  microns  per  hour  on  substrates  at  a 
temperature  between  200  and  250’C. 

Cross  section  samples  were  produced  by  mechanical  polishing  and  iodine  reactive 
ion  milling  to  reduce  the  ion  beam  damage  associated  with  argon-thinned  II-VI  materials 
[3].  Plan  section  samples  were  produced  by  mechanical  polishing  followed  by  chemical  jet 
etching  with  a  0.5%  bromine-methanol  solution.  Samples  were  examined  in  Philips 
EM430  and  EM400  machines  (300KeV  and  120KeV  respectively)  capable  of  energy 
dispersive  X-ray  (EDX)  analysis  and  microscopic  cathodoluminescence  (CL) 
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RESULTS 

Figure  1  shows  a  typical  cross  section,  consisting  of  two  (110)  oriented  samples 
separated  by  a  thin  layer  of  glue.  As  the  CdTe  system  is  non-centrosymetric,  the  two 
<II0>  type  directions  in  the  growth  plane  are  not  equivalent.  The  [110]  direction  defines 
the  intercept  of  the  pair  of  (IIIJB  planes  advancing  in  the  growth  direction  and  [110]  the 
intercept  of  advancing  {lll)A  planes.  Cross  sections  were  prepared  with  two  orthoganal 
halves  to  show  both  orientations.  It  can  readily  be  seen  that  the  defect  structure  in  the 
two  directions  is  different. 

In  both  halves  of  the  cross  section  the  interfaces  between  InSb  and  CdTe  are  seen 
to  be  decorated  with  dark  regions  which  EDX  analysis  showed  to  be  iodine  rich  particles 
resulting  from  specimen  preparation.  Both  halves  of  the  sample  also  show  a  number  of 
a/2<IIO>  dislocations  running  through  the  epilayers.  These  often  bend  over  at  internal 
interface  planes  to  produce  misfit  dislocation  (MD)  segments.  The  most  common  MD  lie 
between  the  lOOOA  CdTe  and  2000A  CdMnTe  layers  nearest  the  substrate.  MD  segments 
within  the  superlattice  itself  were  rarely  seen  in  samples  with  individual  layer  thicknesses 
below  I50A.  Very  few  dislocations  were  observed  in  the  InSb  substrate,  most  seeming  to 
originate  at  the  InSb  surface.  It  should  be  noted  that  as  the  two  halves  of  the  cross 
section  were  not  exactly  orthogonal  the  (220]  diffraction  condition  for  the  two  halves  has 
a  differing  deviation  parameter,  giving  one  side  better  dislocation  contrast  than  the  other. 

Only  in  the  upper  half,  however,  can  planar  defects  be  seen  lying  on  the  two 
edge  on  (III)  type  planes.  The  majority  of  these  defects  were  single  layer  stacking  faults 
(SF)  rather  than  micro-twins  (as  demonstrated  by  the  absence  of  extra  twin  spots  in 
selected  area  diffraction  patterns).  The  stacking  faults  generally  appeared  to  originate  at 
the  substrate  interface  although  as  some  SFs  may  have  originated  outside  the  plane  of  the 
cross  section  this  conclusion  is  somewhat  tentative  at  the  moment. 

Figure  2  shows  a  substrate-epilayer  interface  region  in  more  detail.  Although 
there  is  little  contrast  between  the  lOOOA  and  2000A  thick  layers  the  position  of  the  first 
CdTe/CdMnTe  interface  was  deuced  from  the  known  layer  thicknesses.  It  can  be  seen 
that  there  are  a  number  of  short  dislocations  running  along  this  interface  (arrowed)  and 
also  at  the  interface  between  the  2000A  CdMnTe  layer  and  the  start  of  the  superlattice.  It 
can  also  be  seen  that  there  are  a  number  of  small  black/white  contrast  spots  which  are 
taken  to  be  small  precipitates.  These  spots  are  seen  most  at  the  first  CdTe/CdMnTe 
interface.  Within  the  superlattice  similar  precipitates  seem  to  lie  preferentially  at 
interface  sites  rather  than  within  layers. 

Figure  3  shows  a  typical  plan-section.  The  details  observed  in  such  sections 
correspond  well  with  those  from  the  cross-sections.  For  example  dislocation  segments  are 
seen  running  up  through  the  foil  with  straight  (misfit)  sections  running  along  both 
orthogonal  <II0>  directions  (note  that  the  (220)  diffraction  condition  of  fig.2  only  shows 
one  set  of  these  MDs).  The  misfit  dislocations  can  be  seen  as  created  from  inclined 
dislocations  which  bend  over  to  run  in  the  (100)  plane  for  a  while  before  continuing  up 
through  the  foil.  This  is  shown  by  the  fact  that  the  dislocations  at  either  end  of  the 
misfit  segments  run  in  different  directions,  one  part  running  down  to  the  substrate  and 
the  other  continuing  up  to  the  surface,  forming  ‘s’  shapes  around  the  MDs.  Again 
stacking  faults  are  clearly  shown  to  lie  in  preference  on  one  pair  of  (III)  planes  (no  SFs 
show  up  in  the  orthogonal  reflection).  Stacking  faults  were  seen  to  lie  on  both  (III) 
planes  of  the  preferred  pair.  Stereographic  imaging  showed  that  few  of  the  threading 
dislocations  lay  on  their  (III)  slip  planes. 

In  order  to  determine  the  character  of  the  habit  planes  of  the  stacking  faults, 
crystal  polarity  was  determined  by  convergent  beam  electron  diffraction  using  the 
method  of  Spellward  and  Preston  [4].  This  approach  compares  the  asymmetry  in 
convergent  beam  discs  down  <II0>  with  that  in  computer  simulations.  Good  matching 
with  theoretical  simulations  was  found  for  both  plan  and  cross-section  samples.  Both 
cases  gave  the  result  that  the  stacking  faults  lay  on  (lll}B  type  (tellurium)  terminated 
planes.  It  should  be  mentioned  that  the  small  number  of  micro-twins  that  were  observed 
in  certain  samples  also  lay  preferentially  on  these  planes. 

Microscopic  CL  was  carried  out  on  a  number  of  samples  at  liquid  helium 
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recombination  rates  but  plan  section  bard-gap  to  deep  level  intensity  ratios  indicated 
good  quality  material.  The  high  level  of  dislocations,  however,  acted  to  reduce  CL 
intensity  and  to  complicate  excitonic  emission  spectra.  Lower  dislocation  densities  would 
be  necessary  to  separate  the  various  effects  which  are  evidently  occurring. 


DISCUSSION 

The  strains  in  this  system  (<  0.5%)  are  sufficient  for  misfit  dislocations  to  be 
energetically  favourable  for  quite  thin  layers.  As  the  mismatch  between  CdTe  and 
Cd.  jMnjjjTe  is  much  greater  than  that  between  CdTe  and  InSb,  MDs  within  the 
epilayer,  particularly  between  the  thick  layers,  are  likely  to  be  more  important  than  those 
at  the  substrate/buffer  layer  interface.  Using  the  Mathews  model  [S]  the  critical  thickness 
for  CdTe  on  CdMnTe  (the  thickness  at  which  the  strain  energy  relieved  by  a  misfit 
dislocation  exceeds  the  dislocation  energy)  is  approximately  I70A  at  2S°C  but  falls  to 
about  70A  at  the  growth  temperature.  These  values,  however,  relate  to  the  growth  of  a 
thin  layer  onto  bulk  material.  In  the  case  of  superlattices  where  both  layers  are  strained 
about  an  average  lattice  constant  the  critical  thickness  rises  to  about  lOOOA.  The  model 
considers  the  generation  of  misfit  dislocations  by  the  glide  of  existing  dislocations.  To 
introduce  dislocations  into  a  perfect  layer,  however,  requires  the  dislocation  nucleation 
energy  to  be  overcome  and  consideration  of  likely  nucleation  mechanisms  suggests  that 
homogenous  generation  of  misfit  dislocations  is  unlikely  in  systems  with  strain  below 
about  2%  (5J.  In  the  absence  of  such  a  mechanism  for  generating  dislocation  half  loops, 
and  given  the  low  density  of  substrate  dislocations  it  appears  that  dislocations  are 
produced  at  inhomogenous  regions  within  the  layers.  This  is  hardly  surprising  as  InSb 
surface  preparation  is  known  to  be  problematical,  with  a  tendency  to  leave  indium  rich 
sites  which  might  act  as  dislocation  nucleation  points  [6],  Furthermore,  the  observations 
suggesting  micro-precipitates  within  the  samples  provides  a  second  possible  dislocation 
source.  This  conclusion  is  supported  by  the  fact  that  the  majority  of  dislocations  appear 
to  originate  at  the  substrate/buffer  layer  interface. 

A  mechanism  where  dislocations  originate  at  or  near  the  substrate  and  propagate 
through  the  epilayer  until  they  reach  a  level  at  which  the  strain  is  sufficient  to  cause 
them  to  glide  to  generate  MD  segments  is  consistent  with  our  observation.  Both  cross- 
section  views  and  the  "s"  shape  in  plan  view  of  dislocations  involving  MD  segments 
indicate  that  the  dislocations  originate  at  the  substrate  region  rather  than  gliding  in  from 
the  surface.  It  may  also  be  deduced  that  the  dislocation  glide  occurs  early  on  during 
growth  because  dislocations  rising  to  the  surface  are  not  restricted  to  their  slip  planes.  It 
follows  that  after  gliding  to  form  MDs  the  dislocations  propagating  into  the  rest  of  the 
layer  are  free  to  climb  as  well  as  glide.  Further,  the  critical  thickness  calculations  show 
that  MDs  are  more  likely  to  be  produced  at  the  growth  temperature  and  within  the 
current  surface  layer  rather  than  within  the  body  of  the  superlattice  itself.  The 
plausibility  of  these  thickness  calculations  is  supported  by  the  fact  that  MD  segments 
were  only  seen  within  the  superlattice  for  layer  thicknesses  greater  than  lOOA,  in  good 
agreement  with  theory 

The  most  likely  cause  of  the  stacking  faults  found  in  the  epilayers  is  the 
commonly  seen  dissociation  of  a  perfect  a/2<110>  dislocation  into  a/6<2ll>  Shockley 
partials  with  the  generation  of  such  a  stacking  fault.  It  is  also  possible  that  stacking  fault 
irregularities  may  occur  in  the  early  stages  of  island  growth  as  previously  reported  in  the 
case  of  GaP  [7].  Both  mechanisms  offer  explanation  for  the  preferred  occurrence  of 
stacking  faults  on  one  pair  of  (111)  planes. 

In  the  first  case,  misfit  dislocations  lying  at  a  certain  interface  will  always  be 
oriented  such  that  all  dislocations  running  in  one  <II0>  direction  will  be  so  called  a 
dislocations  and  all  those  in  the  perpendicular  direction  will  be  $  dislocations.  This 
conclu.sion  follows  from  the  fact  that  the  extra  half  set  of  planes  associated  with  the 
dislocations  must  always  lie  on  the  same  side  of  the  interface  so  as  to  relieve  strain.  It  is 
most  likely  that  there  will  be  a  difference  in  the  mobility  of  the  a  and  P  dislocations 
making  one  more  likely  to  dissociate  than  the  other.  Hence  the  faults  originating  at  a 
given  interface  will  be  more  likely  to  lie  on  the  pair  of  (III)  planes  common  to  the 
preferred  <110>.  Since  the  majority  of  MDs  occurred  at  the  interface  between  the  buffer 
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would  show  a  preferred  direction.  The  2000A  CdMnTe  was  grown  under  tension  and  it 
was  seen  that  dislocations  running  in  the  [110}  direction  dissociate  on  the  (Ill)B  planes. 
This  direction  corresponds  to  a  dislocations  with  the  extra  half  planes  terminated  on 
tellurium  atoms.  It  would  follow  that  the  a  dislocations  dissociate  preferentially. 

Alternatively  it  is  possible  that  such  stacking  faults  are  grown  into  the  material  by 
misordered  layer  deposition.  Such  behaviour  has  been  observed  in  GaP  [7]  where  in  the 
early  stages  of  growth  islands  form  with  facets  which  lie  predominantly  on  one  pair  of 
the  advancing  (111)  planes  due  to  differences  in  surface  energy.  Misordered  deposition 
on  these  surfaces  then  gives  stacking  faults  or  twins  in  a  preferred  direction. 

Both  of  these  models  give  plausible  explanation  for  the  preferred  orientation  of 
stacking  faults  and  also  for  that  of  the  smaller  number  of  micro-twins  seen  in  some 
samples.  In  the  second  mechanism  reversal  of  layer  order  during  growth  may  clearly  give 
rise  to  twins.  In  the  first  case  it  is  possible  to  envisage  twin  formation  by  the  successive 
production  of  stacking  faults  on  adjacent  planes  since  a  twin  is  identical  to  a  series  of 
stacking  faults.  Examination  of  layers  terminated  before  island  coalescence  occurred 
should  distinguish  between  the  two  mechanisms. 


SUMMARY 

In  the  series  of  samples  examined  the  dislocation  densities  observed  are  fairly 
high  (lO^-lO'^I/cm^.  The  dislocations  appear  to  originate  at  the  substrate/buffer  interface 
or  at  precipitates  within  the  epilayers.  These  dislocations  are  distorted  to  form  misfit 
sections  in  agreement  with  the  model  proposed  by  Mathews.  The  formation  of  stacking 
faults  on  a  preferred  pair  of  {111)  planes  is  thought  to  result  from  the  difference  in 
mobility  between  a  and  0  type  dislocations,  although  an  alternative  explanation  is 
advanced  based  on  faceted  islands  in  the  early  stages  of  growth. 
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ABSTRACT 

A  Study  of  Ga  and  in  outdiffusion  into  Cd,.^V\Te  (  0  »  x  s  .70  )  epitaxial  layers  grown  on 
(lll)GaAs  and  (OOI)lnSb  was  carried  out.  The  layers  were  grown  by  pulsed  laser  evaporation  and 
epitaxy  on  substrates  held  at  temperatures  below  310  °C.  The  structural  quality  of  the  layers  was 
examined  using  x-ray  diffraction  and  transmission  electron  microscopy.  A  tendency  toward  precipitation 
of  Ga  at  the  near  surface  region  of  (lll)CdMnTe  grown  on  (111)GaAs,  usually  less  than  300  nm  wide, 
has  been  observed  with  secondary  ion  mass  spectroscopy.  Similar  results  were  observed  for  the 
migration  behaviour  of  In  in  (OOI)Ccfre  grown  an  (OOI)tnSb.  The  ion  imaging  revealed  that  both  In  and 
Ga  accumulate  near  the  surface  at  localized  spots,  up  to  about  10  pm  in  diameter.  The  concentration 
of  the  spots  is  in  the  range  of  10*  -  10^  cm' .  The  Ga-  and  In-rich  channels  sometimes  extend  over 
the  whole  sample.  Annealing  at  temperatures  as  low  as  400  °C  for  2  h  significantly  increases  the 
coTKentration  of  the  Ga  spots  and  the  average  concentration  of  Ga  in  the  films  to  above  10^^  cm'^. 
Low-temperature  photoluminescence  data  obtained  for  annealed  samples  do  not  indicate  any  structural 
deterioration  typical  for  heavily  doped  Bridgman  grown  samples.  A  sharp  neutral-donor  bound-excHon 
transition  (D^.X)  is  observed  for  samples  with  0  <  x  <  .10. 


INTRODUCTION 

A  continuing  interest  has  been  observed  in  the  application  of  GaAs  and  InSb  substrates 
for  epitaxial  growth  of  CdTe,  HgCdTe  and  CdMnTe.  Relatively  mature  technologies  of  CdTe, 
and  HgCdTe  on  GaAs  and  InSb  promise  potential  applications  of  these  structures  in  IR 
detection'-^  and  high-speed  MIS  devices^.  Epitaxial  layers  of  CdMnTe  are  of  particular  interest 
due  to  their  potential  application  in  devices  based  on  magneto-optical  effects*  and  es  an 
alternative  to  CdTe  substrate  used  in  HgCdTe  IR  detectors.  Performance  of  such  devices  will 
depend  upon  the  ability  to  control  the  unintentional  doping  that  takes  place  as  CdTe  or 
CdMnTe  are  grown  on  GaAs  and  InSb.  Significant  migration  of  Ga’-^  and  In^-”  Into  epitaxial 
layers  of  CdTe  grown  on  GaAs  and  InSb  has  been  reported.  Recently,  we  found’  that 
accumulation  of  Ga  In  localized  spots  takes  place  near  the  surface  region  of  CdTe  grown  on 
GaAs.  The  presence  of  Ga  was  verified  in  such  a  case  with  low-temperature 
photoluminescence  (PL)'”  and  electrolyte  electroreflectance"  measurements. 

In  this  paper,  we  describe  the  use  of  secondary  ion  mass  spectroscopy  (SIMS)  and 
low-temperature  PL  to  study  Ga  diffusion  in  (lll)CdMnTe  grown  on  (lll)GaAs.  Preliminary 
results  of  In  diffusion  in  (OOI)CdTe  grown  on  (OOI)lnSb  are  also  presented. 


EXPERIMENTAL  DETAILS 

The  epitaxial  layers  of  (111)Cd,.,Mn  Te  {0  ^  x  s  .70)  and  (OOI)CdTe  were  grown  by 
pulsed  laser  evaporation  and  e  jitaxy  (PLEE)^' "  on  the  B-face  of  (1 1 1  )GaAs  and  on  (001  )lnSb, 
respectively. 

The  (111)Cd.,.,Mn  Te  layers  were  grown  on  substrates  held  at  a  fixed  temperature  in 
the  range  of  210  -  310  °C.  The  basic  properties  of  the  layers  were  studied  using  scanning 
electron  microscopy,  reflection  high-energy  electron  diffraction  and  low-temperature  PL,  and 
these  results  were  published  elsewhere".  A  single  crystal  x-ray  diffractometer  study  was  carried 
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out  for  the  samples  0.8 -1.3 pm  thick.  (Ill)  K# 
reflections  with  full  widths  at  half  maximum  (FWHM) 
between  0.10  deg  and  0.046  deg  were  observed  for 
the  layers.  For  comparison,  the  same  reflection 
observed  for  (lll)GaAs  substrate  was  0.038  deg.  ^ 

An  example  of  an  x-ray  diffraction  spectrum  obtained 
for  a  1.0  pm  thick  Cd  ,jMn  u^Te  layer  grown  on  5 

(lll)GaAs  is  shown  in  Fig.  i.  It  can  be  seen  that  J 

the  spectrum  is  characterized  by  well  resolved  ^ 

(111)  Kn,  and  Ka^  reflections  from  both  the  layer  J 

and  the  substrate.  Aside  from  (111)  Ka  and  no  1 

other  reflections  were  obsen/ed  In  the  studied  £ 

samples  Indicating  the  absence  of  non-cubic  ° 

structures  or  orientations  other  than  (111)  In  the  S 

layers.  x 

A  group  of  (OOI)CdTe  samples  grown  by 
FLEE  on  (OOI)lnSb  v/as  used  to  study  the 
outdiffuslon  of  In.  The  substrates  were  degreased  in 

standard  solvents,  and  then  etched  in-situ  with  lo  22  24  m  m  so 

1000  eV  Ne-ions  of  density  -  W*  A/cm^.  The  2d  (deg) 

substrates  were  kept  at  300  »C  during  ion  etching  ^  ,  X-ray  diffraction  spectrum  for  a 

and  as  a  result  of  this  treatment  a  reconstructed  ^  j^ick  (lll)Cd  „Mn  „Te  layer 
(001)lnSb-[4x2]  surface  was  obtained.  The  growth,  grown  by  PLEE  on  a  (1  TifsaAs  substrate, 
at  a  fixed  temperature  in  the  1 90  -  290  °C  range, 
produced  (OOI)CdTe.  Most  often,  a  reconstructed 

(001  )CdT e-[2x1  ]  surface  was  recorded  with  RHEED.  A  detailed  study  of  the  structural  properties 
and  low-temperature  PL  measurements  for  these  samples  is  currently  being  carried  out. 

The  SIMS  measurements  wore  carried  out  using  a  Cameca  IMS  4f  system.  An  Oj*  ion 
beam  operating  at  1 .5  keV  ( impact  energy  per  ion  )  was  used  for  sputtering  the  samples  at 
a  rate  of  -  60  nm/min.  The  primary  beam  was  scanned  over  an  area  of  250  pm  x  250  pm.  The 
size  of  the  analyzed  area  was  1^  pm  In  diameter  for  ion  imaging.  For  in-depth  profiling  the 
size  of  the  analyzed  area  was  62  pm  in  diameter.  The  Ga^  mess  was  used  for  tracing  the 
presence  of  Ga.  In  some  cases,  additional  measurements  of  the  ratio  of  the  SIMS  signal  for 
Ga*’  and  Ga^’  were  taken  to  verify  the  results.  This  ratio  was  always  constant.  The 
concentration  of  Ga  in  the  layers  was  estimated  on  the  basis  of  the  known  concentration  of 
dopants  in  Ga  implanted  CdTe.  The  SIMS  detection  limit  for  Ga  in  this  experiment  was 
estimated  as  5  x  10'^  cm'^.  Some  measurements  were  carried  out  also  for  samples  annealed 
at  400  °C  under  a  saturated  pressure  of  Cd  vapour.  The  In"^  mass  was  used  for  tracing  In. 
The  detection  limit  for  In  was  -  10”  cm'^.  An  In  doped  bulk  CdTe  sample  was  used  to 
determine  the  detection  limit  for  In.  A  complementary  study  of  both  as-grown  and  annealed  at 
600  °C  bulk  In-doped  CdT e  was  also  carried  out. 

Transmission  electron  microscopy  obsen/ations  were  performed  using  a  JEOL  200CX 
electron  microscope  operated  at  200  kV.  The  cross-sections  were  prepared  by  Ar  ion  milling 
using  a  cold  stage  to  reduce  ion  damage. 


RESULTS  AND  DISCUSSION 

A  SIMS  Ga  ion  imaging  study  revealed  that  migration  of  Ga  from  the  GaAs  substrate 
into  the  layers  is  a  strongly  nonuniform  process.  Islands  of  Ga-rich  material,  against  a  relatively 
uniform  Ga  background,  were  always  seen  at  the  surface  of  investigated  specimens.  The 
diameter  of  an  individual  island  ranged  from  2  pm  to  10  pm  and  their  concentration  was  in  the 
range  of  10*  -  10*  cm'^.  This  resuH  is  similar  to  our  earlier  findings  concerning  outdiffuslon  of 
Ga  in  CdTe  grown  on  (OOI)GaAs’.  An  example  of  Ga  ion  images  observed  at  different  depths 
of  a  1.82  pm  thick  (111)Cd  ^Mn  ^gTe  layer  which  was  grown  on  the  (lll)GaAs  substrate  is 


b 


c 


■  -# 


Figure  2  The  Ga  ion  image  of 
and  surface  after  sputtering  of 

1.82  pm  thick  (111)Cd  »Mn 
a  layer  -  0.07  pm  thick  ahi 

,Te  layer.  As-grown  surface  (a), 
1  -  0.8  pm  thick  (c). 

^  0  ^ 

Figure  3  The  Ga  iori  image  of  the  sample  from  Fig.  2  after  annealing  at  400  °C.  As-produced 
surface  (a),  and  surface  after  sputtering  of  a  layer  -  0.15  pm  thick  (b),  and  -  1.1  pm  thick  (c). 


Shown  in  Fig.  2.  The  islands  of  Qa-rich  material  are  seen  at  the  near  surface  region.  The 
islands  extend  into  the  sample  to  a  depth  of  more  than  0.07  pm.  Some  of  the  Ga  islands,  such 
as  the  one  observed  in  Fig.  2c,  persist  over  the  whole  depth  of  the  specimen.  A  dramatic 
increase  in  the  concentration  and  the  size  of  Ga  islands  was  observed  in  annealed  samples. 
Fig.  3  shows  the  effect  of  annealing  in  saturated  Cd  vapours  at  400  °C  for  2  hours  for  the 
same  sample  as  In  Fig.  2.  A  more  intense  Ga  background  when  compared  to  an  as-grown 
sample  can  be  seen  even  at  a  depth  of  0.15  pm.  The  concentration  of  Ga  islands  that 
propagate  throughout  the  layer  is  also  significantly  increased.  Thus,  a  relatively  low-temperature 
annealing  Induces  a  significant  increase  in  migration  of  Ga  into  Cd,.,Mn,Te  epitaxial  layers 
grown  on  GaAs  substrates.  In  this  study,  we  did  not  observe  any  influence  of  the  chemical 
composition  of  the  layers  on  the  level  of  Ga  migration. 

For  all  the  investigated  samples,  the  SIMS  Ga  and  In  depth  profiles  showed  a  rapid 
decrease  of  Ga  and  In  concentrations  near  the  GaAs  and  InSb  substrate,  respectively.  Such 
a  decrease,  usually  to  below  5  x  10”  cm'^,  took  place  within  0.3  -  0.4  pm  from  the 
Cd,.j|Mnj,Te/GaAs  and  CdTe/lnSb  interfaces.  We  note,  however,  that  because  of  a  nonuniform 
distribution  of  Ga  and  In  in  the  films,  the  SIMS  concentration  can  only  be  treated  as  an 
approximate  value  which  is  averaged  over  the  analyzed  area  of  62  pm  in  diameter.  A 
substantial  increase  in  intensity  of  SIMS  Ga  and  In  signals  was  observed  near  the  surface  of 
the  analyzed  samples.  A  transition  region,  where  the  near  surface  concentration  of  Ga  and  In 
increased  from  the  SIMS  detection  limit  to  -  10’®  - 10”  cm"’,  usually  had  a  width  of  less  than 
0.2  pm.  An  example  of  a  Ga  depth  profile,  in  the  sample  for  which  the  Ga  ion  images  were 
presented  in  Fig.  2,  is  shown  by  curve  1  in  Fig.  4.  It  can  be  seen  that  the  concentration  of 
Ga  changes  near  the  surface  region  by  approximately  one  order  down  to  the  detection  limit 
within  a  depth  of  less  than  0.01  pm.  The  fact  that  the  Ga-rich  spots  for  this  sample  were  still 
observed  at  a  distance  greater  than  0.07  pm  implies  that,  sometimes,  it  may  be  difficult  to 
reach  any  definite  conclusion  about  the  presence  of  Ga  (In)  in  Cd,.|,Mnj|Te  films  grown  on 
GaAs  (InSb)  if  observation  is  limited  to  the  SIMS  depth  profile  alone.  A  Ga  depth  profile 
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obtained  after  annealing  of  this  sample  at  400  °C  is  ” 
depicted  by  curve  2  in  Fig.  4.  Evidence  of 
temperature  induced  Ga  'percolation'  toward  the 
surface  is  clearly  demonstrated.  The  broadening  of  ^ 
the  CdMnTe/GaAs  interface  is  very  minimal,  whereas  ^ 
the  average  concentration  of  Ga  in  the  layer  is  now  j 
higher  than  10’‘  cm'^.  A  drastic  increase  of  some  3  * 
orders  of  magnitude  in  the  average  Ga  1 
concentration  near  the  surface  corroborates  with  the  | 
results  of  the  Ga  image  observed  In  Fig.  3.  |  ^ 

Low-temperature  PL  measurements  were  ^ 
carried  out  on  (1ll)Cd,.^Mnj,Te  samples  as-grown  | 
and  annealed  at  400  °C  for  2  hours.  For  samples  I  ^ 
with  X  <  0.10,  the  neutral-acceptor  bound-exciton  • 
recombination,  which  is  known  In  the  literature'^  as 
the  L2  transition,  dominated  the  PL  spectra  of 
as-grown  samples'^.  The  FWHM  for  this  transition 
was  in  the  range  of  9.5  -  12  meV.  We  did  not  detect 

any  features  in  the  PL  spectra  that  could  be  directly  '®*  ^  , 

related  to  the  presence  of  Ga  in  these  films.  A  weak  DEPTH  (/urn) 

shoulder  that  was  sometimes  observed  on  the  p-  ^  S,^  ofiie  for  the 

high-energy  side  of  L2  transition  could  originate  from  sample  from  Fig.  2  (curve  1)  and  from 
the  neutral-donor  bound-exciton  transition  (0'’,X).  pig  3  (curve  2). 

However,  the  position  of  this  transition  overlapped 
with  an  expected  position  of  a  free  exciton  and  it 
was  difficult  to  obtain  an  unambiguous  conclusion. 

A  dramatic  change  in  PL  spectra  was  observed  in 
annealed  samples.  An  example  of  the  PL  spectra 
obtained  for  an  as-grown  and  an  annealed 
Cd  ^Mn  gjTe  layers,  for  which  the  SIMS  results  are  ^ 
presented  in  Fig.  3  and  4  (curve  2),  is  shown  in  ^ 

Fig.  5.  The  intensity  of  the  main  PL  peak  in  an 
annealed  sample  is  about  2  orders  of  magnitude  ^ 
greater  than  the  intensity  of  the  L2  transition  8 
observed  for  this  sample  before  annealing  (the  same  ^ 
excitation  conditions  and  temperature  were  used  in  ^ 
both  cases).  The  position  of  the  new  peak  is  shifted  ^ 
toward  a  higher  energy  by  4  meV  when  compared 
to  the  position  of  the  L2  More  annealing,  it  seems 
reasonable  to  link  this  new  peak  with  a  donor, 
probably  neutral-donor  bound-exciton  (D°,X) 
transition  since,  as  a  result  of  annealing,  the  sample 
became  strongly  Ga-doped  (n^^  >  cm’’).  The 

FWHM  of  this  transition  is  6  meV  which  approaches  Wavel«r’'th  (nm) 

bulk-like  behaviour  for  a  donor-bound  exciton  line.  Figue  S  PL  spectra  from  an  as-grown 
It  is  worthwhile  noting  that  for  most  of  the  annealed  (solid  line)  and  an  annealed  at  400 't;  for 
samples  the  FWHM  of  the  D°,X  transition  was  in  the  2  h  (dashed  lino)  (1 1  i)Cd  ,jMn  ^gTe  layers, 
range  of  6  -  8  meV.  We  take  this  as  a  measure  of 

the  quality  of  the  crystal  structure  of  the  material  produced  with  PLEE.  The  weak  feature  with 
a  maximum  at  743  nm,  that  can  be  seen  in  Fig.  5,  is  believed  to  be  related  to  a  free-electron 
neutral-acceptor  (e,A®)  transition”.  From  these  results,  wo  conclude,  that  complementary  to  the 
study  of  Ga  and  In  doped  bulk  Cd,.,Mn,Te,  the  annealing  of  the  Cd,.,Mn,Te  layers  grown  on 
GaAs  and  InSb  substrates  provides  a  useful  tool  for  the  study  of  the  behaviour  of  Ga  and  In 
impurities  in  these  materials.  Further  PL  investigation  of  as-grown  and  annealed  PLEE  samples 
is  in  progress. 
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An  In  ion  imaging  carried  out  for  (OOI)CdTe  grown  on  (001)lnSb  revealed  qualitatively 
the  same  features  as  those  observed  in  the  case  of  Ga  outdiffusion.  A  significant  accumulation 
of  In  took  place  at  the  surface  and  near  the  surface  region  of  CdTe.  The  size  and 
concentration  of  In  islands  were  of  the  same  order  as  those  of  Ga  islands.  However,  a 
tendency  toward  agglomeration  of  the  In  islands  was  less  evident.  Typically,  the  In-rich  spots 
disappeared  within  0.1  -  0.2  pm.  This  depth  was  usually  greater  than  the  distance  from  the 
surface  at  which  the  measured  In  concentration  decreased  below  the  SIMS  detection  limit.  We 
also  observed  an  increase  in  the  concentration  of  In  near  the  surface  of  In-doped  and  annealed 
bulk  CdTe,  similar  to  the  effect  of  Ga  surface  accumulation  in  Ga-doped  bulk  CdTe’.  The  lateral 
distribution  of  In  was  strongly  nonuniform.  The  In-rich  islands  of  2  -  3  pm  In  diameter  were 
observed  at  distances  of  up  to  -  0.2  -  0.3  pm  from  the  surface. 

Transmission  electron  microscopy  observations  of  the  specimens  grown  on  the  B-face 
of  (1 1 1  )GaA3  revealed  a  considerable  number  of  twins  with  coherent  twin  boundaries  parallel 
to  the  substrate  surface.  Twins  of  a  few  pm  in  length  were  obsenred.  The  coherent  twin 
boundaries  were  atomically  flat,  although  some  of  their  segment  were  separated  by  ledges  of 
one  to  several  (111)  interplanar  distances  in  height,  indicating  that  growth  had  proceeded  via 
a  ledge  mechanism.  These  macroscopic  ledges  correspond  to  incoherent  tv«n  boundaries. 
Stacking  faults,  misfit  dislocations  and  threading  dislocations  were  also  found  in  the  films 
grown  on  (lll)GaAs.  The  substrate-thin  film  interface  was  found  to  undulate  locally  with  an 
amplitude  of  up  to  10  nm.  The  undulations  most  probably  resulted  from  a  predeposition 
substrate  surface  treatment.  Layers  grown  on  (OOI)lnSb  contained  only  a  few  microtwins  that 
originated  in  thin  film,  with  very  few  microtwins  originating  at  the  interface.  The  interface 
between  the  substrate  and  the  film  was  found  to  be  planar.  Threading  dislocations,  originating 
at  the  (001)CdTe/(001)lnSb  interface,  were  also  obsenred.  Examples  of  TEM  micrographs 
indicating  the  existence  of  threading  dislocations  in  (lll)CdTe  grown  on  B-face  of  (lll)GaAs 
and  in  ({X)1)CdTe  grown  on(001)lnSb  are  shown  in  Fig.  6. 

The  mechanism  responsible  for  the  nonuniform  accumulation  of  In  or  Ga  at  the  surface 
of  CdTe  is  unclear  at  this  stage,  but  it  seems  reasonable  to  relate  this  mechanism  to  defects 
such  as  threading  dislocations  and  incoherent  twin  boundaries  that  are  found  in  the 
Investigated  layers  with  TEM.  A  pipe  diffusion  and  a  grain  boundary  diffusion  appear  to  bo 
feasible  processes  that  could  lead  to  the  formation  of  the  surface  Ga  (In)  islands.  A  pipe 
diffusion  is  strongly  related  to  the  concentration  of  dislocations  as  has  been  observed,  for 
example,  in  In-implanted  Si'*.  Since  low-angle  grain  boundaries  and  high  concentration  of 
dislocations  (above  10*  cm'^)  are  commonly  observed  in  bulk  CdTe,  similar  diffusion 


Figure  6  Bright  field  TEM  images  of  the  structure  cf  CdTe  films  grown  on  (a)  B-face  of  (1 1 1)QaAs, 
(b)  (OOI)lnSb.  Note  the  presence  of  threading  dislocations. 
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mechanisms  appear  to  be  responsible  for  surface  precipitation  of  Ga  (In)  in  annealed  bulk 
CdTe  which  was  originally  uniformly  doped  with  Ga  (In). 


CONCLUSIONS 

This  SIMS  and  PL  study  of  Ga  incorporation  in  (1 1 1)Cd,.jjMnjJ'e  films  grown  on  (1 1 1)GaAs 
and  of  In  incorporation  in  (OOt)CdTe  grown  on  (OOI)lnSb  shows  that:  (1)  There  is  a  substantial 
migration  of  Ga  (In)  toward  the  surface  of  an  epitaxial  layer.  This  process  is  laterally  strongly 
nonuniform.  The  islands  of  Ga-rich  (In-rich)  material,  on  a  relatively  uniform  Ga  (In)  background, 
are  always  seen  at  the  surface  of  an  investigated  specimen.  (2)  The  size  of  an  individual  Ga 
(In)  Island  ranges  from  2  pm  to  1 0  pm.  Islands  cr  their  agglomerates,  in  concentrations  of  up 
to  10*  cm'^,  were  obsenred  at  the  surface  region  of  epitaxial  layers.  (3)  The  concentration  of 
Ga  (In)  in  the  as-grown  films,  aside  from  the  interface  and  near  the  surface  region,  is  usually 
below  the  detection  limit,  i.e.  5  x  1  o’®  cm'^.  (4)  Pipe  diffusion  appears  to  be  the  process 
responsible  for  the  nonuniform  distribution  of  Ga  (In)  near  the  surface  of  Cd,.^Mnj,Te  epitaxial 
layers  grown  on  GaAs  (InSb).  (5)  Annealing  of  (111)Cd,.jjMnjTe(111)GaAs  samples  produces 
a  strongly  Ga-doped  material  with  n^,  >  1 0'*  cm'^.  A  strong  donor  related  transition  (D*,X)  with 
FWHM  =  6-9  meV  is  observed  in  such  samples.  (6)  We  believe  that  annealing  induced  Ga 
and  In  doping  of  Cd^.^Mn^Te  epitaxial  layers  grown  on  GaAs  and  InSb  substrates  may  serve 
as  a  useful  tool  in  the  study  of  the  behaviour  of  donor-like  impurities  in  these  materials. 
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ABSTRACT 

We  present  a  photoluminescence  study  of  the  excitons  and  electron-to-acceptor  (e  A°) 
transitions  in  Cdj.j^MnjjTe  (x  =  0.05  and  0.15)  under  hydrostatic  pressure  at  15K.  We 
investigate  the  changing  magnetic  and  Coulombic  binding  energies  of  the  e-A°  transition  under 
pressure.  We  find  that  the  e-A°  binding  energy  increases  with  pressure  for  x  =  0.15  where  the 
magnetic  term  due  to  the  acceptor  bound  magnetic  polaron  is  large,  while  it  decreases  for  x  = 
0.05.  We  also  obtain  the  pressure  coefficients  of  the  excitonic  and  acceptor  related  transitions. 


INTRODUCTION 

The  diluted  magnetic  semiconductors  (DMS)  display  novel  spin  dependent  phenomena 
arising  from  the  sizeable  sp-d  exchange  interactions.  Among  these  novel  phenomena  are  bound 
magnetic  polarons  (BMP),  which  are  ferromagnetic  spin  clusters  caused  by  the  exchange 
interaction  between  the  spin  on  the  magnetic  ion  and  a  carrier  spin  localized  at  an  impurity ' .  The 
model  Hamiltonian  for  the  BMP  is^ 

2  J. 

— -  ■/ Si  (sS.)5(r-Rj)|  (1) 

Eor  j 

where  m*  is  the  effective  mass.  Eg  is  the  static  dielectric  constant,  s  and  S  are  the  spins,  and  r 
and  R  are  the  position  vectors  of  the  carrier  and  the  magnetic  Mn^*  ion,  respectively.  The 
strength  of  the  exchange  interaction  TNg  is  about  1  eV  for  holes,  allowing  large  acceptor  BMP 
effects  to  be  observed  in  the  photoluminescence  spectra.  The  formation  of  BMPs  gives  rise  to  an 
additional  binding  energy  in  the  acceptor  related  transitions,  due  to  the  third  term  in  Eq.  ( 1 ). 

The  magnetic  part  of  the  binding  energy  is  temperature  dependent,  unlike  Coulomb  binding 
energies.  At  low  temperature,  the  spins  are  aligned,  producing  large  binding  energies.  As  the 
temperature  is  increased,  thermal  fluctuations  decrease  the  degree  of  spin  alignment,  and  hence 
the  binding  energy.  The  BMP  binding  energies  also  depend  on  the  concentration  of  magnetic 
ions.  For  small  Mn  concentrations  (x  <  0.1),  the  response  is  essentially  paramagnetic,  and  the 
BMP  binding  energy  increases  with  x.  For  x  >  0.1,  the  antiferromagnetic  coupling  between 
nearest  neighbor  Mn^*  ions  lowers  the  effective  s-d  interaction,  causing  the  binding  energy  to 
saturate  beyond  x  ~  0.25. 

The  effects  of  x  and  temperature  have  been  studied  in  the  prototype  DMS,  Cdj.j^Mn^Te 
using  different  acceptor  related  transitions.  Acceptor  BMP  effects  have  been  observed  both  in 
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the  neutral  acceptor  bound  exciton^,  A°X,  and  the  electron  to  neutral  acceptor,  e-A°  transitions"*. 
For  the  A°X  one  faces  a  complicated  three  body  problem  in  interpreting  the  data.  The  e-A°. 
however,  is  relatively  simpler  to  interpret.  Bugajski  et.  al^  have  studied  P-  doped  Cdj.^Mnj^Te, 
and  find  that  the  e-A°  shifts  to  lower  energies  relative  to  the  band  gap  with  increasing  x  (  0  <  x  < 
0.35  ),  indicating  an  increase  in  the  magnetic  part  of  the  binding  energy.  The  binding  energy 
also  has  a  sizeable  temperature  dependence  which  is  composition  dependent,  decreasing  with 
increasing  temperature.  The  Coulomb  part  of  the  bare  acceptor  energy  is  not  expected  to  vary 
significantly  with  either  x  or  temperature,  since  the  changes  in  the  effective  mass  and  dielectric 
function  are  not  large.  Thus  the  additional  binding  energy  is  almost  totally  magnetic. 

Our  present  experiments  study  the  effect  of  hydrostatic  pressure  on  the  energies  of  the 
excitons  and  the  e-A°  transitions.  We  study  two  samples,  one  with  x=0.05,  in  the  paramagnetic 
regime,  and  another  with  x  =  0.15,  where  the  antiferromagnetic  coupling  between  nearest 
neighbor  Mn^'*'  spins  begins  to  play  a  role.  We  find  that  the  e-A°  binding  energies  decrease 
with  pressure  for  x  =  0.05,  where  the  Coulombic  effects  are  relatively  large  compared  to  the 
magnetic  effects,  while  they  increase  for  x  =  0.15  where  the  magnetic  effects  are  large.  In 
addition,  we  obtain  the  pressure  coefficients  of  the  excitonic  and  acceptor  related  transitions. 

Our  low  temperature  measurements  have  allowed  us  to  study  both  the  magnetic  and  bandgap 
effects.  Previous  measurements  of  Cdj.jjMOj^Te  under  hydrostatic  pressure  were  mainly  3(H)K 
studies  of  the  change  in  the  bandgap  and  the  Mn^"*"  intraionic  transitions^. 


EXPERIMENT 

Cdi.jjMnj(Te  crystals  were  grown  using  the  vertical  Bridgman  technique.  They  were  doped 
with  Sb  to  levels  of  -lO'^  cm‘^  Photoluminescence  (PL)  was  excited  using  0.2  to  10  niW  of 
5145A  radiation  from  an  argon  ion  laser.  Measurements  were  conducted  at  15K  in  a  diamond 
anvil  cell,  using  argon  as  the  pressure  transmitting  medium.  Other  experimental  details  are 
published  elsewhere^. 


RESULTS  AND  DISCUSSION 

Photoluminescence  spectra  at  ambient  pressure  are  shown  by  the  solid  lines  in  Figs.  1  and  2 
for  X  =  0.05  and  0.15,  respectively.  The  sharp  peak  at  the  highest  energy  is  identified  as  the 
bound  exciton,  A°X.  The  weak  peak  at  slightly  lower  energies,  1.648  eV  (1.806  eVt  at  Fig.  1 
(Fig.  2)  has  been  attributed^  to  a  magnetically  localized  free  exciton  (self  trapped  magnetic 
polaron),  designated  as  LI  in  these  papers.  At  lower  energies  is  the  e-A°  petik.  The  energy 
separation  between  A°X  and  e-A°  increases  from  46  to  83  meV  upon  increasing  x  from  0.05  to 
0.15  (at  ambient  pressure),  larger  than  the  separation  of  35  meV  for  CdTe.  The  additional 
energy  (over  the  Coulombic  CdTe  value)  is  due  to  the  binding  energy  of  the  BMP.  An  increase 
in  temperature  from  15  to  I(X)K  shows  that  the  separation  between  A°X  and  e-A°  decrea.ses, 
consistent  with  the  lowering  of  the  magnetic  part  of  the  binding  energy  of  e-A®  with  temperature. 

The  application  of  hydrostatic  pressure  increases  the  band  gap.  In  most  semiconductors,  the 
excitons  follow  the  band  gap  closely.  In  Fig.  3,  we  plot  the  energies  of  the  four  peaks  observed 
in  the  x  =  0.05  sample:  A°X,  LI,  e-A°,  and  a  phonon  replica  of  e-A°  (not  shown  in  Fig.  1) 
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Fig.  1.  PL  spectra  of  CdQ  05X6  at 

0.6  (solid  line,  bottom  energy  scale)  and  27 
kbar  (dashed  line,  lop  energy  scale).  The 
spectra  are  shifted  so  that  the  energies  of  the 
exoitons  coincide. 


Fig.  2.  PL  spectra  of  Cd^  gjMnp  jjTe  at  I 
bar  (solid  line,  bottom  energy  scale)  and  27.4 
kbar  (dashed  line,  top  energy  scale).  Note 
the  increasing  separation  between  A°X  and 
e-A®,  in  contrast  to  Fig.  1 . 


PRESSURE  (kbar) 

Fig.  3.  The  energies  of  A°X,  LI,  e-A°,  and 
its  phonon  replica  as  a  function  of  pressure 
for  Cdo  ggMnQ 
lines  are  fits  to  Eq.  (2). 


Fig.  4.  The  energies  of  the  A®X,  LI.  and  e- 
A°  transitions  as  a  function  of  pressure  for 
Cdfl  LSK.  The  solid  lines 

are  fits  to  Eq.  (2). 


452 


The  energies  increase  sublinearly  with  pressure.  The  first  three  peaks  listed  above  are  also 
observed  for  x  =  0.15,  and  their  pressure  dependence  is  shown  in  Fig.  4.  Owing  to  larger  alloy 
broadening,  the  phonon  replica  of  the  e-A®  peak  could  not  be  observed  in  this  sample.  It  was 
found  that  the  relative  intensities  of  the  A°X  and  e-A®  varied  considerably  with  incident  laser 
power  (for  x  =  0. 15).  The  e-A°  was  relatively  stronger  for  low  incident  intensities,  and  optimal 
powers  of  0.25  and  2mW  were  used.  The  spectra  shown  in  Fig.  2  were  obtained  with  0.25  mW 
of  laser  power.  One  can  also  see  in  Fig.  2  that  the  e-A®  rides  on  a  decreasing  background.  It 
was  ne''',jsary  to  subtract  the  decreasing  background  to  obtain  reliable  values  of  the  peak  energy 
for  e-A®.  The  energies  plotted  in  Fig.  4  are  obtained  after  background  subtraction. 

Data  were  obtained  upto  -35  kbar,  beyond  which  a  phase  transition  to  the  NaCl  structure*^ 
occurs,  and  no  luminescence  is  observable. 

Pressure  coefficients  were  obtained  (Table  I)  by  fitting  the  energies  E  as  a  function  of 
pressure  P  (in  kbar)  to  the  expression 

E(P)  =  E(0)  +  aP  -r  PP^  (2) 


Table  I.  Pressure  coefficients  of  the  PL  peaks  in  Cdj.^Mn^Te  at  15K. 


X 

Identification 

E(0)(eV) 

a  (meV/kbar) 

P  (meV/kbar-) 

This  work  (I5K): 

0.05 

A®X 

1.663  ±0,001 

7.91  ±0.17 

-  0.036  ±  0.(K)5 

LI 

1.648  +  0.002 

8.17  ±0.3 

-0.05  ±  0.01 

o 

< 

1.616  ±0,001 

8.44  ±0.14 

-  0.044  ±  0.(X)4 

Phonon  replica 

1.595  ±0.001 

8.01  ±  0,2 

-  0.035  ±  0.005 

0.15 

A®X 

1.826  +  0.001 

7.66  ±  0.2 

-  0.032  ±  0.007 

LI 

1.806  ■.002 

7.92  ±  0.3 

-0.041  ±0.009 

e-A® 

1.742  ±0.001 

7.53  ±  0,2 

-  0.033  ±  ().(K)6 

Previous  work  (300K,  Wei  Shan  et.  al.,  Ref.5): 

0.0 

Band  gap 

1.483 

8.3 

-0.04 

0.1 

Band  gap 

1.618 

7.7 

-  0.039 

While  absorption  measurements  for  exactly  the  same  compositions  and  temperature  are  not 
available,  there  is  good  agreement  between  the  pressure  coefficients  for  the  band  gap  and  the 
A®X  for  compositions  that  are  fairly  close.  There  is  also  a  slight  decrease  in  a  with  x. 

More  interesting  are  the  differences  in  a  for  the  A®X  and  the  e-A®  transitions.  For  x  = 
0.05,  a  (A°X)  is  smaller  than  a  (e-A°),  indicating  a  decreasing  separation  between  the  two. 
This  can  be  appreciated  better  in  Fig.  1 ,  where  the  spectra  for  0,6  and  27  kbar  arc  plotted  so  that 
the  exciton  positions  coincide.  The  e-A®  peak  is  clearly  seen  to  be  closer  to  A°X  at  the  higher 
pressure.  The  energy  difference  between  the  peaks  is  plotted  in  Fig,  5,  and  is  seen  to  decrease 
monotonically  with  pressure  from  47  to  40  meV. 
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PRESSURE  (kbar) 

Fig,  5.  The  energy  separation  between  A*^X 
and  e-A°  as  a  function  of  pressure  for 
^'^0.95^'’0  15K. 
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Fig.  6.  The  energy  separation  between  A°X 
and  e-A°  as  a  function  of  pressure  for 

line  is  a 

guide  to  the  eye. 


In  contrast,  an  examination  of  the  pressure  coefficients  for  the  x  =  0.15  sample,  show  s  that 
o  (A°X)  is  larger  than  a  (e-A°),  implying  an  increasing  separation  under  pressure,  borne  out 
by  the  spectra  in  Fig.  2,  and  by  the  increasing  separation  as  a  function  of  pressure  in  Fig.  6, 
Though  the  pressure  coefficients  of  A®X  and  e-A®  appear  very  close,  within  their  experimental 
uncertainties,  their  energy  separations,  obtained  in  the  same  spectrum  and  at  exactly  the  same 
pressure,  are  less  sensitive  to  the  statistical  errors  that  are  present  in  the  a's.  The  trend  of 
increasing  binding  energies  with  pressure  is  then  evident. 

The  binding  energy  of  e-A°  consists  of  Coulombic  and  magnetic  parts,  both  of  which  could, 
in  principle,  change  with  pressure.  Strictly  speaking,  the  binding  energy  of  e-A°  is  measured 
relative  to  the  band  gap^,  and  is  56  meV  (94  meV)  for  x  =  0.05  (x  =  0.15)  at  15K^.  In  our 
discussions  here,  we  assume  that  changes  in  the  e-A®  binding  energy  are  reflected  in  the 
separation  between  A°X  and  e-A°,  and  that  the  relatively  smaller  A^X  binding  energy  (10  meV 
for  X  =  0.05)  does  not  change  much  under  pressure. 

The  BMP  binding  energy  has  contributions^  from  the  kinetic.  Coulomb  and  magnetic  terms 
in  the  Hamiltonian  (Eq.  (1)).  The  effect  of  pressure  on  all  three  terms  requires  a  full  calculation 
of  the  acceptor  BMP  binding  energies,  and  is  quite  complex.  Our  measurements  on  CdTe"’ 
show  that  the  (purely  Coulombic)  separation  does  not  change  much  with  pressure.  It  appears 
then,  that  the  acceptor  BMP  binding  energy  changes  due  to  the  combined  effects  of  the 
decreasing  lattice  constant  on  the  dielectric  function,  effective  mass,  and  possibly  the  exchange 


integrals.  It  is  also  possible  that  antiferromagnetic  coupling  for  x  =  0.15  plays  a  role.  A  detailed 
calculation  is  currently  in  progress. 
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Introduction 

Dilute  magnetic  semiconductors  (DMS),  such  as  Cd,.,Mn,Te,  arc  excellent  hosts  for  the  study 
of  disordered  magnetic  systems.  In  these  diluted  random  alloys,  neighboring  magnetic  ions  form 
clusters  through  short  range  spin  exchange  interactions.  A  number  of  experiments  [1-8]  have  been 
devoted  to  the  investigation  of  the  nearest-neighbor  (NN)  coupled  magnetic  ion  pairs,  by  measuring 
the  quantized  total  spin  in  a  field.  In  (Cd>ln)Tc,  the  obtained  NN  exchange  constant  J,is-6.IK[7,8]. 
However,  to  understand  full  range  of  magnetic  and  optical  phenomena  in  DMS,  it  is  important  to 
explore  the  behavior  of  clusters  larger  than  pairs  and  interactions  beyond  NN. 

In  this  report,  we  summarize  the  recent  results  of  high-field  magnetization  measurements  using 
a  Faraday  rotation  technique  on  (Cd,Mn)Te  up  to60Tat  liquid  helium  temperature[9].  We  provide 
quantitative  evidence  of  magnetic  ion  triplets,  and  of  the  saturation  of  magnetic  ion  pairs. 
Quantitative  agreement  with  the  experimental  results  is  obtained  from  a  NN  cluster  model.  Effects 
of  further-neighbor  interactions  are  observed  in  the  form  of  an  experimental  bias  field  A.  We  found 
a  linear  relationship  between  A  and  magnetization  M  for  ion  pairs,  independent  of  manganese 
concentration  x  for  x  S  0.1.  From  this  relation,  we  deduce  the  next-nearest-neighboi  (NNN) 
exchange  constant  Jj/kg  =  - 1 . 1 K.  For  detailed  discussions,  see  reference  9. 


Magnetic  Ion  Triplet  Clusters 

In  the  nearest-neighbor  interaction  model  (10],  for  low  magnetic  ion  concentration  (  x  <  C.l), 
small  clusters  such  as  singlets,  pairs  and  triplets  (open  and  closed)  dominate  the  the  magnetic  ion 
population.  The  magnetization  of  these  small  clusters  can  be  obtained  exactly  from  general  thermal 
ensemble  theory.  At  T=0K,  each  type  of  clusters  show  a  series  of  equal-step  like  magnetization 
increases  with  magnetic  field.  The  onset  field  of  the  ladder  and  the  number  of  steps  are  different 
for  different  cluster  types.  Pairs  have  five  steps  starting  at  ~  lOT,  while  open  triplets  have  seven 
steps  starting  at  -  30T.  At  T=4K  these  equal-step  ladders  are  broadened  into  linear  trends  and  the 
structure  of  M(B)  is  simplified.  Thus  we  expect  an  increase  in  the  slope  dM/dB  due  to  the  contribution 
from  open  triplets.  In  the  range  of  interest,  larger  clusters  have  no  effect  in  the  slope  change  as 
indicated  by  the  self-consistent  calculation[9]  using  the  Weiss  molecular-field  model. 

Fig.  1  displays  the  measured  and  calculated  magnetization  derivative  dM/dB  versus  field  B  at 
T  -  4K.  In  the  range  of  1 5T  to  60T,  the  magnetization  versus  B  is  composed  of  three  different  linear 
regimes.  At  approximately  30T,  we  observed  a  slope  increase  due  to  the  onset  of  open  triplets.  The 
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decrease  of  slope  at  ~  SOT  is  attributed  to  the  saturation  of  pairs.  The  amount  of  increase  and  decrease 
in  the  slope  is  proportional  to  the  number  of  open  triplet  clusters  and  pairs  respectively.  Quantitative 
comparison  with  the  calculated  probabilities  [lOJ  assuming  random  distribution  is  given  in  Ref.9. 


Fig.l  Comparison  of  experimental  and  theoretical  derivative  of  magnetization  M  as  a  function  of 
applied  magnetic  field  B  in  the  range  1  ST  to  60T  at  T  -  4K  for  Cd,..Mn,Te,  x=0.09S.  (after  Ref  9) 


Effect  of  Non-Nearest-Neighbor  Interactions 

In  DMS  materials,  the  effective  field  experienced  by  a  given  (NN)  cluster  differs  from  the  external 
field  by  a  bias  field-average  exchange  field  due  to  further-neighbor  interactions.  For  pairs  the  bias 
field  at  the  nth  step  is  defined  as  AJ  =  B'(meas.)-B'(NNcalc.),  where  B„  is  the  step  field.  Since 
the  magnetization  M  is  a  measure  of  total  spin  alignntent,  we  expect  that  A  is  proportional  to  M. 
Fig.2  is  a  collection  of  all  available  data  on  A  for  Cd,.,Mn,Tc  plotted  versus  M.  These  include  the 
data  obtained  at  different  steps  of  the  same  sample.  Despite  the  difference  in  manganese 
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concentrations  ( which  varies  from  0.033  to  0.095),  a  single  linear  relation  between  A  and  the  total 
magnetization  M  for  pairs  is  observed, 

A  =  cM.  (1) 

The  constant  c  is  directly  related  to  the  non-nearest-neighbor  exchange  energies. 


M  (emu/g) 


Fig  2  Magnetization  dependence  of  the  bias  field  A  for  pairs  and  triplets  for  various  x  and  T. 

For  pairs:  x=0.033  at  T=1 .3K  (6)  and  T=1 .28K  (V)(Ref.7);  x=0.047  at  T=  1 .3K  (tlW  and  T^-47K 
(□)  (Ref  3),  and T=1.4K  (0)  (Ref.8);  x=0.095  at  T=0.6K  (»)  and  T~4K  (■)  (this  work).  For 
triplets;  x=0.095  at  T-4K  (A)  (this  work).  Typical  error  bars  are  shown  here.  The  data  include 
those  obtained  at  different  steps  of  the  same  sample,  (after  Ref.9) 


In  the  mean-field  theory [4,9],  assuming  that  on  average,  the  two  spins  in  a  pair  have  equivalent 
paramagnetic  environments,  the  bias  field  may  be  written  as 

^  X  <S,> 

A= 

'^2  gUs 


(2) 


where  N,  is  the  number  of  rth  neighbors  for  pairs  and  J,  is  the  rth  ""ighbor  exchange  constant.  A 
is  Avogadro’s  number,  g=2,  and  W  is  the  formula  molecular  weij,  lor  Cd,,,Mn,Te.  Combining 
Eqs.(l)  and  (2),  we  obtain 


(3) 
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Note  that  c  w  independent  of  temperature  T,  and  weakly  dependent  onx  through  W.  This  is  consistent 
with  experimental  observation.  To  estimate  the  fomi  J(„2,  =  J,  [1 1  ]  is  assumed.  We  find 
=  -1.1  ±0.2K  for  interactions  up  to  4th  neighbors  are  included.  This  value  is  comparable  to 
the  approximately  estimated  values  (4,12,13], 

In  summary,  we  provide  quaruitative  evidence  of  triplet  ion  clusters  in  DMS.  Mn^*  pair  saturation 
is  observed  at  ~  S2T.  Quantitative  agreement  between  our  experiment  and  calculations  using  the 
nearest-neighbor  cluster  model  is  obtained.  The  linear  dependence  of  the  bias  field  on  the  total 
magnetization  derived  here  is  consistent  with  the  nwan-field  model.  These  results  give  important 
information  on  interactions  beyond  nearest-neighbors. 

This  work  was  supported  by  the  National  Science  Foundation  Grant  No.  DMR8807419,  and 
DARPA-N00014-86-0760.  The  Francis  Bitter  National  Magnet  Laboratory  is  supported  by  the 
National  Science  Foundation. 
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ABSTRACT 

We  have  conducted  a  systematic  study  of  Ge-Cdi_  jjMnjjTe 
heterostructures  prepared  in  situ  by  deposition  of 
polycrystalline  Ge  onto  atomically  clean  Cdi-xMo^Te  (110) 
surfaces.  We  examined  by  means  of  high  resolution  synchrotron 
radiation  photoemission  the  valence  band  offset  AE^  as  a  function 
of  the  substrate  composition  x  (x=0,  0.35,  and  0.60)  and  bandgap 
Eg  (Eg=1.47,  1.93,  and  2.13  eV)  .  We  find  AEv’^O .  84+0 .  lOeV  in  all 
cases,  and  no  dependence  of  AE.„  on  the  substrate  bandgap  within 
experimental  uncertainty.  This  finding  indicates  that  within  the 
range  of  validity  of  the  transitivity  rule,  Cd]^_jjMnxTe-Cdj^_yMnyTe 
hetero junctions  may  actually  follow  the  common  anion  rule. 


INTRODUCTION 

Semimagnetic  semiconductors  are  usually  ternary  alloys  in 
which  some  of  the  cations  in  a  II-VI  semiconductor  lattice  have 
been  replaced  by  magnetic  atoms  such  as  Mn  or  Fe .  The  resulting 
materials  exhibit  new  magneto-optical  and  magnetotransport 
properties,  such  as  giant  Laudau  splitting,  giant  electronic 
g-factor  and  large  magnetoresistance  1 1 , 2 ]  .  Consequently, 
heteros c ructures  formed  by  these  materials  would  exhibit 
magnetically  tunable  superlattice  optical  and  transport 
properties  which  could  open  the  way  to  novel  device 
applications  [ 3 1  . However  little  information  is  available  about 
crucial  hetero junction  parameters  of  these  materials,  including 
the  valence  band  offset  AE^^  which  is  one  of  the  most  important 
parameters  for  any  device  design(4). 

In  this  paper  we  present  a  first  synchrotron  radiation 
photoemission  study  of  the  electronic  properties  of  the 
semimagnetic  semiconductor  hetero  junction  Ge-Cdi_j{MnjjTe  ( 1 10)  .  We 
measured  the  valence  band  offsets  AE^  for  different  substrate 
compositions  (x=0,  0.35,  and  0.6)  and  bandgaps  (Eq=1.47,  1.93, 
and  2.13  eV)  using  both  conventional  methods  and  a  new  method 
which  exploits  spectra  for  Ge  and  Cdi-^Mn^Te  to  generate  a 
composite  valence  band  edge,  and  a  least  squares  fitting 
procedure  to  fit  the  experimental  spectra  for  the 
Ge-Cd^ _  jjWd xTe ( 1 10)  interface  to  the  composite  valence  band 
obtained  a  priori.  The  two  procedures  obtain  remarltable 
consistent  results  only  if  a  proper  lineshape  analysis  of  the  Ge 
core  level  is  performed  as  a  function  of  coverage.  Failure  to  do 
so  yields  incorrect  estimates  of  band  bending  and  therefore 
erroneous  values  of  AE,,  from  the  conventional  procedure.  The  new 
procedure  is  instead  immune  from  these  problems.  The  main 
conclusion  of  this  work  is  that  the  valence  band  offsets  are 
identical  (0 . 84±0 . lOeV) ,  within  experimental  uncertainty,  for  all 
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of  the  hetero junctions  examined,  so  that,  if  the  transitivity 
rule  applies  to  such  systems,  Cdi-xMnxTe-Cdj^-yMnyTe  will  follow 
the  common  anion  rule. 


EXPERIMENTAL  DETAILS 

Single  crystals  of  Cd]^_xMnxTe  alloys  were  grown  at  Purdue 
University  and  characterized  through  X-ray  diffraction  and  X-ray 
microprobe  analysis.  Atomically  clean  <110)  surfaces  were 
obtained  by  cleaving  the  samples  in  situ  in  a  photoelectron 
spectrometer  at  an  operating  pressure  of  5x10“^^  Torr. 
Hetero junct ions  were  prepared  at  room  temperature  by  Ge 
sublimation  from  a  W  basket  at  pressure  of  5x10“^^  Torr  with 
coverage  monitored  by  a  quartz  thickness  monitor.  Angle 
integrated  photoelectron  energy  distribution  curves  (EDO’s)  were 
obtained  in  the  45<hv<110eV  range  using  a  3m  toroidal  grating 
monochromator,  radiation  from  the  1  GeV  Aladdin  electron  storage 
ring  at  the  Synchrotron  Radiation  Center  of  the  University  of 
Wisconsin-Madison,  and  a  commercial  hemispherical  electron  energy 
analyzer.  The  overall  energy  resolution  was  0.2  -  0.3eV.  More 
details  on  the  experimental  procedures  employed  can  be  found  in 
Ref . 5-6 . 


RESULTS  AND  DISCUSSION 

EDO's  for  the  leading  edge  of  the  valence  band  emission  from 
Ge -Cdi -xMnxTe  (1 10 )  interfaces  (x=0,  0.35,  and  0.6)  at  a  Ge 
coverage  of  5A  are  shown  in  Fig.l  (solid  circles).  The  spectra 
have  been  normalized  to  the  main  emission  feature  and  are  shown 
in  arbitrary  units.  The  binding  energy  scale  is  referred  to  the 
substrate  valence  band  maximum  Ey,  estimated  through  a  linear 
extrapolation  of  the  leading  edge  of  the  substrate  valence 
band[71.  All  of  the  spectra  in  Fig.l  exhibit  similar  structure. 
The  main  feature  corresponds  in  all  cases  to  a  Te-derived  density 
of  states  (DOS)  feature,  and  the  well  defined  shoulder  on  the  low 
binding  energy  side  derives  from  the  Ge  valence  band  emission. 
Valence  band  discontinuities  much  larger  than  the  “vperimental 
energy  resolution  have  been  measured  directly  in  the  past  [5]  by 
simply  linearly  extrapolating  the  leading  edge  of  the  substrate 
and  overlayer-related  valence  band  features  in  EDC ' s  similar  to 
those  displayed  in  Fig.l,  Unfortunately,  by  this  method  we  could 
not  obtain  quantitatively  consistent  results  throughout  the  Ge 
coverage  range  explored.  Values  of  AE.,,  as  low  as  0.42eV  and  as 
high  as  0 . 67eV  were  obtained  for  Ge  coverage  between  1  and  5A. 
Since  the  coverage-dependence  of  the  substrate  and  overlayer 
emission  intensity  indicates [8j  that  negligible  interdiffusion 
takes  place  across  the  interface  during  room-temperature 
formation  of  these  hetero junctions,  the  experimental  valence  band 
emission  in  Fig.l  (solid  circles)  should  reflect  a  simple 
superposition  of  a  Ge-type  valence  band  emission  with  a 
Cd]^_xMnxTe  type  of  valence  band,  shifted  relative  to  each  other 
by  the  valence  band  offset  AEy,  We  therefore  used  EDO's  for  the 
valence  band  emission  prior  to  Ge  deposition,  and  for  the 
Ge-covered  surface  at  the  highest  coverage  explored  (20A)  to 
obtain  a  "composite"  valence  band  that  could  be  compared  with  the 
experimental  valence  band  EDO's  for  Ge-Cdi_xMnxTe  in  the  Ge 


igure  1 .  Valen 
di-xMn^Te (110)  wi 
f  the  overall  li 
east  squares  pro 
orrespond  to  sub: 
B  emission  (dotte 


Photoelectron  Intensity  (Arb.  Units) 


462 


coverage  range  from  1  to  5A.  Positions  and  intensities  of  the  two 
EDO's  comprised  in  the  composite  valence  band  were  used  as 
fitting  parameters,  and  were  determined  through  a  non-linear 
least  squares  fitting  procedure.  The  best  fits  are  shown  in 
Fig. 1. (solid  lines)  superimposed  to  the  experimental  EDO's  (solid 
circles)  .  We  also  give  the  individual  Ge-type  (dotted  line)  and 
substrate-type  (dashed  line)  valence  band  spectra  corresponding 
to  the  best  fit.  Oomparing  the  linearly  extrapolated  value  of  the 
valence  band  maximum  for  these  two  spectra  we  obtained  for  AE^ 
values  of  0.80+0.10eV,  0.83±0.10eV,  and  0.81+0. lOeV, 
respectively,  for  Ge-Odj.^Mn^Te  hetero junct ions  with  x=0,  0.35, 
and  0.6.  We  note  that  most  of  the  experimental  uncertainty  on 
each  single  value  of  AE^  derives  from  the  linear  extrapolation 
criterion  to  determine  .  On  the  variation  of  AE^  with  x  the 
uncertainty  is  actually  smaller,  since  it  derives  primarily  from 
the  least  squares  fitting  procedure,  and  would  not  be  affected  by 
a  systematic  error  in  the  determination  of  E„  for  one  or  the 
other  of  the  two  semiconductors.  We  estimate  the  uncertainty  on 
the  variation  of  AEv  in  the  series  to  at  most  O.OSeV.  The 
validity  of  our  method  is  supported  by  the  fact  that  it  yields 
quantitatively  consistent  values  of  AEv  ih  the  whole  Ge  coverage 
between  1  and  SA,  and  by  the  value  of  AEv=0 . 85±0 . lOeV  reported  by 
Katnani  and  Margaritondo  for  Ge-CdTe(llO) (7). 

A  more  conventional  method  to  obtain  AEy  exploits  the 
zero-coverage  and  high  coverage  limits  of  the  linearly 
extrapolated  position  of  the  valence  band  maximum.  The  difference 
of  the  two  positions  reflects,  in  principle,  AEv  ^nd  the 
variation  in  overlayer  and  substrate  band  bending  in  the  coverage 
range  examined.  If  the  band  bending  can  be  estimated  from  the 
coverage  dependence  of  the  substrate  and  overlayer  core  binding 
energies [91,  then  one  can  extract  the  value  of  AEv.  Recently  this 
very  successful  method  came  under  some  criticism ( 10 1 ,  since  high 
resolution  core  level  photoemission  studies  during  Ge 
hetero junction  formation  with  a  number  of  III-V  semiconductors 
repeatedly  showed  lineshape  changes  due  to  interface  chemistry 
which  greatly  complicated  the  tas)c  of  extracting  the  band  bending 
variation.  We  decided  to  compare  the  AEv  value  obtained  with  our 
valence  band  fitting  method  with  the  result  of  the  conventional 
method.  In  the  present  high  resolution  results  we  observed  no 
detectable  coverage  dependence  of  the  Te  4d  lineshape,  and  we 
used  the  apparent  Te  4d  binding  energy  to  monitor  the  substrate 
band  bending.  We  observed  instead  lineshape  changes  for  the  Ge  3d 
core  levels.  A  superposition  of  two  3d  doublets  could  be  used  to 
obtain  a  good  fit  of  the  overall  lineshape  in  the  intermediate  Ge 
coverage  range  (l-SA) .  The  coverage-dependence  of  the  two 
doublets  clearly  identify  the  high  binding  energy  doublet  as  due 
to  Ge  atoms  involved  in  a  chemically-induced  local  interface 
dipole  and  the  low  binding  energy  doublet  as  due  to  the  growing 
elemental  Ge  overlayers.  We  used  the  energy  position  of  this 
second  Ge  3d  contribution  to  estimate  the  band  bending  variation 
within  the  Ge  overlayer.  The  values  of  AEv  derived  from  the  two 
methods  are  summarized  in  table  I.  All  of  the  values  are 
consistent  within  experimental  uncertainty,  and  we  conclude  that 
the  valence  band  offset  is  0.84±0.10eV  for  all  of  the 
hetero junctions  examined,  and  that  the  valence  band  offset  change 
in  the  series  is  less  than  ±0.05eV. 


Table  I.  Valence  band  offsets  AE^  for 
Ge-Cd _ jjMn jjTe  determined  from  two  different 
methods  discussed  in  the  text . 
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interface 

AEv(eV)a 

AEv(eV)3 

VB 

fitting 

core  levels 

Ge-CdTe 

0.80 

0.80 

Ge-Cdo  .  65^0 

.35Te 

0.83 

0.85 

Ge-Cdo  ^  4Mn()  ^ 

6Te 

0.81 

0.86 

a 

Uncertainty  of  each  numerical  value  of  AE^ 
is  O.lOeV,  but  uncertainty  on  the  change  in 
AEv  in  the  Cdj-xMnjjTe  series  is  onli  O.OSeV 
(see  text) . 


The  transitivity  rule [4, 91  would  allow  us  in  principle  to 
determine  the  value  of  AE-^  for  a  hypothetical 
Cdi_j{MnjjTe-Cdi_yMnyTe  hetero junction  from  the  known  value  of  the 
valence  band  offset  for  heterojunctions  of  the  two  semiconductors 
with  a  common  third  semiconductor.  From  the  results  of  table  I 
one  would  then  conclude  that  a  valence  band  offset  of  O.OOiO.OSeV 
is  expected,  i.e.  that  the  Cdi_xMnjjTe-Cdi_yMnyTe  system  would 
follow  the  much  maligned  common  anion  rulel9).  We  should  add, 
however,  a  word  of  caution;  to  date,  the  transitivity  rule  has 
been  found  to  hold  only  within  a  substantial  experimental 
uncertainty  (±0.15eV). 


CONCLUSIONS 

We  have  employed  two  different  analysis  methods  to  study  the 
valence  band  offset  at  hetero junct ions  between  Ge  and 
semimagnetic  Odj^-^Mn^Te  semiconductors  as  a  function  of  x.  In 
particular,  we  have  proposed  a  new  simple  least  squares  fitting 
procedure  to  obtain  values  of  the  valence  band  offset  with  an 
accuracy  of  O.OSeV  in  the  change  of  this  parameter  in  the 
hetero junction  series.  We  found  the  valence  band  offset  for 
Ge-Cdi-xMnjjTe  to  be  independent  of  substrate  composition  and 
bandgap.  We  conclude  that  within  the  range  of  validity  of  the 
transitivity  rule,  Cdi-xMnxTe-Cdi_yMnyTe  hetero junct ions  may 
follow  the  common  anion  rule. 
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PULSED  LASER  EVAPORATION  AND  EPITAXY  GROWTH  OF  Cdi-xMnxTe 
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ABSTRACT 

Epitaxial  layers  of  Cdj-xMnxTe  have  been  grown  on  CdTe  (100)  substrates  by 
evaporating  a  target  with  a  1.06  pm  pulsed  laser.  The  high  -  quality  materials  were  characterized 
by  photoluminescence  spectroscopy  (PL)  and  energy  dispersive  analysis  of  x-ray  (ED AX).  We 
find  that  the  incorporation  of  the  Mn  in  the  epitaxial  layer  is  about  two  -  thirds  of  the 
concentration  in  the  target.  A  comparison  is  made  to  the  epitaxial  layers  grown  on  CdTe  (111) 
and  GaAs  (100)  substrates. 

Diluted  magnetic  semiconductors,  like  Cdi-xMnxTe,  form  a  novel  class  of  semiconductor 
materials.  Epitaxial  growth  of  these  materials  has  recently  become  feasible.  Cdi-xMnxTe  epitaxial 
layers  have  been  grown  by  molecular  beam  epitaxy  (MBE)'*^,  metalorganic  chemical  vapor 
deposition  (MOCVD)^,  atomic  layer  epitaxy  (ALE)^,  and  pulsed  laser  evaporation  and  epitaxy 
(PLEE)5.6. 

The  PLEE  technique  has  some  advantages  over  the  MBE  technique  for  fabricating  layered 
semiconductors  and  microstructures.^-*  Instead  of  using  an  effusion  (Knudsen)  cell  as  a 
molecular  beam  source,  PLEE  uses  suitable  solid  targets  that  are  heated  locally  to  a  few 
thousand  degrees  °C  with  a  pulsed  laser  beam  to  produce  an  atomic-beam  source.  One  unique 
characteristic  provided  by  this  technique  is  that  composition  changes  can  be  made  during  the 
epitaxial  layer  growth  by  directing  the  laser  beam  to  different  targets  using  a  computer  controlled 
mirror.  This  can  be  employed  to  layer  different  materials  in  superlattices  and  quantum  wells.  In 
addition,  since  a  single  laser  shot  produces  only  about  one  tenth  of  a  monolayer,  materials  from 
different  targets  can  be  evaporated  and  directed  to  the  substrate  during  the  deposition  of  a  single 
monolayer.  Therefore  one  can  anticipate  that  single  monolayer  growth  with  any  reasonable 
composition  can  be  obtained,  and  that  an  ordered  material  like  Cd3MnTe4  might  be  grown  by  this 
technique^. 

A  pulsed  Nd:  YAG  laser  operated  at  1.06  |im,  repetition  rate  of  10  Hz  and  pulse  duration 
of  0.1  ms,  is  used  in  the  growth.  In  general  the  growth  rate  depends  on  the  laser  power,  beam 
diameter,  target  material,  and  the  distance  between  target  and  substrate.  We  obtain  a  growth  rate 
between  2A/sec  and  4A/sec  using  an  average  power  of  0.8  W  (  80  mJ/pulse),  beam  diameter  of 
0.5  mm,  and  target  to  substrate  distance  of  7  cm .  The  energy  density  per  pulse  is  30  J/cm^.  To 
ensure  a  uniform  evaporation  of  the  targets,  the  laser  beam  is  scanned  across  the  rotating  targets. 
The  former  is  accomplished  by  a  computer-controlled  stepping  motor  attached  to  a  reflecting 
mirror.  An  ultra-high-vacuum  chamber  is  used  with  a  base  pressure  of  1  x  10  *  torr.  The  growth 
rate  is  monitored  by  a  quanz  -  crystal  thickness  monitor  and  the  substrate  growth  temperature  is 
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typically  300  °C.  Optical  characterization  of  the  as-grown  epitaxial  layers  is  carried  out  by 
photoluminescence  (PL)  spectroscopy  at  liquid  helium  temperature  using  an  alignment-free  fiber 
optics  apparatus.*® 

Epitaxial  layers  of  CdTe  and  Cdi-xMnxTe  were  grown  on  QiTe  substrates  with  two 
different  substrate  orientations,  (100)  and  (1 1  IB).  Usually  no  substrate  etching  is  used  after  the 
original  chemical  polishing  by  the  vendor.  After  rinsing  in  methanol,  the  substrates  were 
mounted  on  tantalum  discs  by  using  indium  solder,  and  then  degassed  by  heating  to  350  “C  for  5 
minutes  in  the  chamber  prior  to  the  growth. 

One  conclusion  from  our  experiments  is  that  (lOO)-oriented  substrates  of  CdTe  give 
higher  quality  epitaxial  layers  for  the  growth  of  CdTe  and  CMi-xMnxTe,  compared  to  the  (1 1  IB) 
oriented  substrates.  The  PL  intensity  is  at  least  20  times  stronger  for  the  epitaxial  layers  grown 
on  (100)  oriented  substrates  than  those  grown  on  (lllB)-oricnted  substrates.  This  has  been 
verified  within  a  reasonable  range  of  the  growth  rate  and  growth  temperature. 

We  also  found  another  interesting  result  when  comparing  the  Mn  concentration  in  the 
Cdi-xMnxTe  epitaxial  layer  to  that  in  the  target:  less  Mn  incorporates  when  CdTe  substrates  are 
used,  but  excess  Mn  incorporates  when  GaAs  substrates  are  used.  The  latter  has  also  been 
observed  recently  by  other  authors,  and  was  compensated  by  using  an  over-pressure  of  Cd 
introduced  during  the  growth  in  order  to  maintain  the  stoichiometry.^-® 

Both  PL  and  EDAX  were  used  to  determine  the  Mn  concentration.  Comparison  of  PL 
spectra  from  a  Cdj.xMnxTe  target  and  from  the  epitaxial  layer  grown  from  the  same  target 
material  clearly  shows  this  Mn  deficiency  in  the  layer  (see  Fig.l).  Three  types  of  transitions  can 
be  identified  in  the  spectrum  of  the  target  shown  in  the  Fig.l(a):  a  donor-bound -exci  ton  transition 
(D°X)  at  1705  meV;  an  acceptor-bound-exciton  transition  (A°X)  at  1692  meV;  and  a  broad  and 
weak  transition  centered  at  about  1647  meV,  which  is  related  to  donor-acceptor-pair  transition 
(DAP)  and/or  band-acceptor  transition  (eA°).  To  determine  the  Mn  concentration,  we  use  a 
formula  for  the  acceptor-bound-exciton  transition  energy  (or  LI  transition  energy)" 

Eli(x)=  1588.8+1440X  meV  (for0<x<0.1  atT=4K), 

and  obtain  a  Mn  concentration  x=0.071.  Next  we  examine  the  Cdi-xMnjTe  epitaxial  layer.  In 
Fig.  1(b)  there  is  a  small  additional  peak  at  1590  meV,  and  is  identified  as  a  bound-exciion 
transition  from  the  CdTe  substrate.  Since  this  epitaxial  layer  has  a  thickness  of  1.5  pm,  the 
exciting  photons  with  1.96  eV  are  mostly  absorbed  in  this  layer  (absorption  length  a"  =  0.4 
pm).  The  excitons  are  created  in  the  layer  and  then  some  migrate  to  the  substrate  when  they 
recombine.  We  have  confirmed  this  exciton  migration  by  performing  PL  with  higher  photon 
energy  (2.6  eV)  and  still  observed  a  similar  CdTc-related-transition  peak,  while  in  this  case  the 
photons  are  totally  absorbed  in  the  layer  (absorption  length  a"  =  0.13  pm).  Now,  the  (A^X) 
transition  has  moved  to  1653  meV  and  the  (DAP/eA®)  transition  has  moved  to  about  1610  me V. 
In  the  same  way,  we  can  determine  the  Mn  concentration  in  the  epitaxial  layer  as  .t-.0.044,  which 
is  38%  less  than  in  the  original  target  material.  Another  indication  from  the  PL  spectra  is  that 
there  are  more  acceptors  in  the  epitaxial  layer  than  in  the  target,  since  the  (D°X)  transition  is 
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1.55  1.60  1.65  1.70  1.75 


Fig.  1  PL  spectra  from:  (a) 
Cdi-xMnxTe,  x=0.071. 
target;  and  (b)  Cdi . 
xMnxTe,  x=0.044,  epitaxial 
layer  grown  on  CdTe  (100) 
substrate  from  the  same 
target  material  as  shown  in 
(a).  The  sample  temperature 
is  4.2  K.  The  exciting 
photon  energy  is  1.96  eV 
and  the  light  intensity  on  the 
sample  is  0.1W/cm7 


energy  (eV) 


absent  in  the  epitaxial  layer.  Also  the  relative  amplitude  of  the  (A°X)  transition  to  the  (DAP  /  eAO) 
transition  is  several  times  larger  in  the  epitaxial  layer.  The  excess  acceptors  are  probably  related 
to  additional  Cd  vacancies  in  the  epitaxial  layer. 

The  above  results  for  the  Cdi-xMnxTe  epitaxial  layer  composition  based  on  PL  spectra 
are  confirmed  by  the  EDAX  data  shown  in  Table  1,  which  is  from  another  set  of  target  and 
epitaxial  layer  samples  with  higher  Mn  concentration.  The  Mn  concentration  in  the  target  is 
x=0.28,  but  is  only  x=<).17  in  the  epitaxial  layer  grown  on  a  CdTe  (111)  substrate.  Again,  the 
loss  is  39%.  This  Mn  deficiency  is  consistent  with  the  PL  results  from  the  sample  with  low  Mn 
concentration  as  described  above.  In  contrast.  Table  I  shows  that  the  Cdi.xMnxTe  epitaxial 
layer  grown  on  a  GaAs  substrate  has  a  Mn  concentration  higher  than  the  target  No  PL  data  was 


Table  I.  EDAX  data  from  a  Cdi-xMnxTe  target  and  the  epitaxial  layers  grown  from  this  target, 
using  various  substrates. 


Material 

Mn 

Concentration(%) 

Cd 

Te 

X-  value 

target 

13.9 

35.9 

50.2 

0.28 

epilayer  on  (1 1  lB)CdTc 

8.5 

37.5 

53.9 

0.17 

epilayeron  (100)GaAs 

16.7 

32.4 

50.9 

0.33 

Spotepilayer  on  (l(X))GaAs 

35.3 

15.2 

49.5 

0.71 
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an  layer 
grown  on  a 
substrate. 

obtained  to  confirm  this,  probably  due  to  the  poor  surface  morphology  and  the  gallium-related 
defects.  Many  spots  of  1  - 10  pm  diameter  were  observed  on  the  layer  grown  on  GaAs  substrate. 
The  Mn  concentration  was  found  to  be  as  high  as  0.70  on  these  spots.  An  SEM  micrograph  of 
this  layer  is  shown  in  Fig.2.  The  EDAX  analysis  of  the  same  sample  revealed  the  presence  of 
significant  amounts  of  gallium  in  the  layer.  Smaller  amounts  of  gallium  in  the  layer  has  been 
reponed  previously*^. 

In  summary,  we  have  grown  high-quality  epitaxial  layers  of  Cdi-xMo^Te  on  CdTe  (100) 
substrates  by  PLEE  technique.  PL  and  EDAX  data  indicate  that  about  two-thirds  of  the  Mn  in  the 
target  is  incorporated  in  the  epitaxial  layers,  for  targets  with  x=0.07  and  0.28.  On  the  other  hand, 
epitaxial  layers  grown  on  GaAs  substrates  show  higher  Mn  concentration  than  the  targets,  in 
addition  to  the  very  high  Mn  concentration  spots.  We  also  find  that  the  use  of  CdTe  (100) 
substrates  results  in  a  high-quality  epitaxial  layer  than  CdTe  (111)  substrates. 

We  thank  J.T.Cheung  for  many  invaluable  conversations  on  the  construction  and 
operation  of  apparatus,  L.A.Kolodziejski  for  expert  advice,  and  J. Perkins  for  his  help.  This 
work  is  partially  supported  by  grants  NSF-D MR-8807419  and  NSF-DMR-8813164. 
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ABSTRACT 

The  near  bandgap  photoluminescence  of  ZnSe  epilaycis  grown  on  GaAs  substrates 
is  measured  for  pressures  up  to  -25  kbar  using  a  diamond  anvil  cell  at  T  =  9  K. 

The  bandgap  changes  with  pressure,  dE/dp,  for  pseudomorphic  and  nonpseudomorphic 
films  are  obtained,  and  are  compared  with  results  for  bulk  crystalline  ZnSe. 


imRODucnoN 

Commensurate  growth  of  ZnSe  on  GaAs  has  been  achieved  for  thicknesses  up  to 
-0.15  pm  [1-31.  Elastic  strain  due  to  the  lattice  mismatch  (0.25%  at  room  temperature)  is 
accommodated  until  the  critical  thickness  is  obtained.  For  larger  thicknesses  misfit 
dislocations  lower  the  total  energy  of  the  system  and  incommensurate  growth  ensues. 
Previous  studies  have  demonstrated  the  relation  of  this  strain  to  epilayer  thickness,  with  its 
concomitant  effect  on  the  density  of  misfit  dislocations  [2,4].  Moreover, 
photoluminescence  (PL)  studies  have  demonstrated  the  effect  of  this  strain  on  band-edge 
emission  [4-6]. 

The  presence  of  biaxial  strain  in  very  thin  films  is  also  expected  to  alter  the  effect  of 
applied  hydrostatic  pressure  (p)  on  the  band-edge  photoluminescence  relative  to  its  effect 
on  the  PL  from  bulk  material.  Previous  reports  have  determined  dE/dp,  the  change  in 
bandgap  energy  with  pressure,  to  be  in  the  range  6.0  -  7.5  meV/kbar  for  bulk  ZnSe  at 
room  temperature  down  to  77  K  [7-9].  The  current  study  determines  dE/dp  for  ZnSe 
epilayers  of  contrasting  thickness,  grown  by  MBE  on  GaAs,  and  compares  these  values 
with  the  bulk  crystalline  value,  which  is  also  measured  here.  All  measurements  are  made  at 
9  K. 
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EXPERIMENTAL  PROCEDURE 

Photoluminescence  measurements  were  made  on  O.I  and  2. 1  ^m-thick  ZnSe 
epilayers  grown  on  GaAs  by  MBE  and  on  bulk  ZnSe  grown  by  zone  melting.  The  "thin" 
epilayer  was  commensurately  grown,  while  the  "thick"  layer  was  thicker  than  the  critical 
thickness  for  commensurate  growth.  Experiments  were  conducted  at  a  temperature  of  T  = 
9  K  and  at  pressures  up  to  --25  kbar.  The  GaAs  substrate  was  initially  -300  pm  thick,  and 
was  thinned  down  to  -50  pm  by  mechanical  polishing. 

High  pressure  measurements  were  made  in  a  gasketed  Merrill-Bassett  diamond 
anvil  cell  (DAC)  [10,111,  contained  within  a  closed  cycle  refrigerator  (9  K).  The  ZnSe 
sample  was  loaded  with  ruby  chips  in  a  liquid  argon  bath  within  the  DAC  to  obtain  near- 
hydrostatic  pressure  conditions  at  low  temperature  f  12],  ZnSe  and  ruby 
photoluminescence  were  excited  using  the  4067  A  line  from  a  krypton  ion  laser,  and  were 
detected  using  a  0.85  m  double  spectrometer  and  a  cooled  PMT.  Photon  counting 
electronics  were  interfaced  to  an  IBM  AT  for  A/D  data  conversion,  storage,  and  analysis. 

The  pressure  in  the  DAC  was  determined  using  the  calibration  scale  for  ruby 
fluorescence  vs.  pressure  [13].  This  was  in  turn  calibrated  using  the  6929.468  A  line  from 
a  neon  discharge  lamp,  together  with  the  6965.430  A  line  from  an  argon  lamp.  The 
pressure  determination  is  accurate  to  <  0.15  kbar,  and  energy  measurements  for  the  ZnSe 
photoluminescence  are  accurate  to  <  0.6  meV.  The  resultant  uncertainty  in  the  values  of 
dE/dp  is  less  than  0.2 1  meV/kbar. 


RESULTS 

Near  band-edge  PL  spectra  are  shown  for  the  three  samples  at  ambient  pressure 
(1  bar)  and  T  =  9  K,  as  the  lower  spectra  in  each  of  the  three  pans  of  Figure  1 .  For  the 
bulk  crystalline  sample  in  Fig.  la,  the  dominant  feature  at  2.7973  eV  (l2())  is  associated 
with  a  neutral  bound  donor  exciton,  attributed  to  either  an  In  or  Ga  impurity.  A  neutral 
bound  acceptor  accounts  for  the  exciton  feature  at  2.7924  eV  (Ij).  The  feature  at 
2.7829  eV  is  due  to  a  deep  level  acceptor,  commonly  attributed  to  Cu.  The 

phonon  replica,  l[DEEP-LO_  js  found  31.6  meV  lower  in  energy  than  IjDEEP  Finally,  the 
two  weak  features  higher  in  energy  than  fjq,  are  due  to  the  excited  state  (n=2)  of  a  donor 
bound  exciton  at  2.8014  eV  (I2d)  and  the  free  exciton  transition  at  2.8039  eV  (FE). 

Identification  of  the  PL  peaks  is  less  certain  for  the  epilayers.  For  the  "thick"  film 
in  Fig.  lb,  the  ambient  pressure  peak  at  2.8009  cV  (FE)  is  attributed  to  the  ground  state 
free  exciton  peak.  The  red  shift  from  the  bulk  value  may  be  due  to  a  slight  tensile  strain 
(3).  The  peak  at  2.7958  eV  (I20)  is  associated  with  an  exciton  bound  to  a  neutral  donor  and 
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the  peak  at  2.7728  meV  (I')  is  as  yet  unidentified.  For  the  "thin"  film  in  Fig.  Ic,  one  large 
peak  is  obtained.  This  corresponds  to  the  ground  state  free  exciton  transition  with  energy 
2.8055  eV  (FE).  The  blue  shift  from  the  bulk  value  corresponds  to  an  in-plane 
compressive  strain  due  to  a  lattice  mismatch  at  9  K  of  ~0.23%.  A  very  small  peak  is  found 
near  2.7998  eV  (I^),  which  is  usually  attributed  to  a  neutral  bound  exciton. 

The  photoluminescence  is  monitored  with  increasing  pressure  for  all  three  samples. 
A  representative  plot  for  each  sample  at  a  higher  pressure  is  provided  by  the  upper  spectra 
in  the  three  parts  of  Figure  1.  For  the  "thick”  epilayer,  the  l2o  peak  intensity  decreases  with 
increasing  pressure  and  disappears  altogether  at  approximately  16  kbar.  At  approximately 
the  same  pressure,  a  new  feature  begins  to  grow  at  2.9170  eV,  which  is  6.4  meV  higher  in 
energy  than  the  FE  peak.  As  pressure  is  increased  the  exciton  energies  I20, 1]’^^^^  and 
IjDEEP-LOare  monitored  for  bulk  ZnSe,  the  FE,  l2o^*’^"’®^,  and  f  peaks  are  monitored  for 
the  "thick"  sample,  and  the  free  exciton  transition  (FE)  is  monitored  for  the  "thin"  sample. 
The  resultant  plots  of  energy  vs.  pressure  are  shown  in  Figure  2.  Least  square  lines  are 
plotted  for  these  data,  yielding  values  fordE/dp.  For  bulk  crystalline  ZnSe,  a  value  of 
dE/dp  =  6.64 1  0.12  meV/kbar  is  obtained  for  the  dominant  I20  peak,  with  dE/dp  = 

6.59  ±  0.12  meV/kbar  for  I, DEEP  and  6.58  i  0.15  meV/kbar  for  1,DEEP  L0,  por  the 
"thick"  sample,  dE/dp  =  6.50 1 0. 13  meV/kbar  for  the  dominant  free  exciton  (FE)  peak, 
6.54  ±  0.13  meV/kbar  for  I20,  and  6.67  ±  0.15  meV/kbar  for  I'.  For  the  "thin"  sample, 
dE/dp  =  6.48  ±  0.21  meV/kbar  (FE). 


ANALYSIS 

The  effect  of  hydrostatic  and  uniaxial  pressure  on  a  semiconductor  is  to  shift  the 
conduction  and  valence  band  edges  by  changing  the  volume  and  crystal  symmetry.  For 
ZnSe  with  its  direct  bandgap  at  F),  the  conduction  band  is  only  subject  to  hydrostatic 
components  of  strain.  However,  in  addition  to  the  effect  of  hydrostatic  strain  on  shifting 
the  valence  bands  (Fg),  tetragonal  distortion  splits  the  degeneracy  of  the  four-fold 
multiplet  into  heavy  hole  (hh:  J  =  3/2;  mj  =  L  3/2)  and  light  hole  (Ih:  J  =  3/2;  nij  =  ±  1/2) 
bands.  The  effect  of  biaxial  stress  due  to  lattice  mismatch  may  therefore  be  separated  into 
hydrostatic  and  nonhydrostatic  components  1 14,15),  which  when  considered  together  with 
externally  applied  hydrostatic  pressure  may  be  shown  to  affect  energy  bandgap  shifts, 
according  to: 

^Eg=-(ac-av)c,,  +^2Ci2 


[2(ac  -  av)(  1  -  §«)  ?  b(  1  +  ‘=(T,p)  [  1 1 


The  first  term  is  the  hydrostatic  pressure  component,  while  the  first  component  of  the 
second  term  is  due  to  the  hydrostatic  portion  of  the  strain  and  the  second  component  is  due 
to  tetragonal  deformation,  with  -  for  heavy  holes  and  +  for  light  holes.  Spin-orbit  splitting 
has  been  included  in  the  overall  bandgap  term.  Here,  a^  and  a,,  are  the  hydrostatic 
deformation  potentials  for  the  conduction  and  valence  bands  respectively,  b  is  the  uniaxial 
deformation  potential  for  a  strain  of  tetragonal  symmetry,  and  Ci,  and  C12  are  elastic 
constants  for  ZnSe.  The  strain  e^"*®(T,p)  is  evaluated  for  a  given  temperature  and 
pressure  and  has  the  form: 


^S®(T,p)  = 


ak(T,Pn)  1 

2x(T,Po)  j 


P  ^ 

Cii  -t-  2Q'2  _  j 
P _ 
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where  a,(T,pQ)  is  the  lattice  constant  for  ZnSe  at  temperature  T  and  ambient  pressure  (pg  = 
1  bar),  and  the  primed  quantities  correspond  to  the  respective  parameters  for  GaAs. 

The  resultant  shift  in  bandgap  energy  with  pressure  for  a  strained  layer  may  be 
related  to  (dE/dp)buik  =  -  1 3(a<.  -  ay)/(Ci  1+2C12) )  for  bulk  material  by: 


[2(ac  -  av)(l  -  ?  b(  1  +  ^)]  [ 


Cu^Jax(T,po)  LCf,  +  2Q2  Cu  +  2C, 
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The  variation  of  the  exciton  binding  energy  with  applied  hydrostatic  pressure  is  not 
significant  here. 

The  values  for  dE/dp  may  be  evaluated  using  Cj  j  =  929  kbar,  C12  =  562  kbar, 

Ci'i  =  1221  kbar,  Ci'2  =  566  kbar  [16,17],  ax(298  K,po)  =  5.6676  A,  and  ak(298  K.py)  = 
5.6533  A  [5,17].  The  elastic  constants  are  forT  =  77  K.  For  9  K,  the  elastic  constants  are 
estimated  to  be  940,  570,  1234,  and  577  kbar,  respectively,  extrapolating  from  the 
constants  at  77  and  300  K  by  using  an  exponential  fit.  A  wide  range  of  deformation 
potential  values  are  reported  in  the  literature.  The  values  (a,.  -  ay)  =  -  4. 17  eV  and 
b  =  -  1.20  eV  [3,18]  can  be  used  as  reference  parameters.  Then  the  expected  values  of 
dE/dp  are  6.09  meV/kbar  for  bulk  crystalline  ZnSe,  and  6.05  and  5.72  meV/kbar  for  the  hh 
and  Ih  bands  for  strained  layer  ZnSe  on  GaAs,  using  the  elastic  constants  at  77  K.  At  9  K, 
the  respective  values  are  6.01, 5.98,  and  5.65  meV/kbar.  Using  the  previously  determined 
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experimental  values  [6]  as  a  second  reference,  (a<.  -  a^)  =  -  4.87  eV  and  b  =  -  1 .05  eV,  the 
three  expected  values  for  dE/dp  are  7.11, 7.02,  and  6.73  meV/kbar,  respectively  at  77  K, 
and  7.02, 6.93,  and  6.64  meV/kbar  at  9  K.  The  value  of  (a,.  -  a^)  determined  here  is 
-  4.60  eV,  using  dE/dp  measured  for  the  I20  peak  in  bulk  crystalline  ZnSe  and  using  the 
elastic  constants  estimated  for  9  K. 

The  heavy  hole  band  is  higher  in  energy  than  the  light  hole  band  for  compressed 
films,  while  for  films  under  tensile  stress  the  light  hole  band  is  higher.  However,  since 
dE/dp  for  hh  is  greater  than  that  for  Ih,  increasing  the  pressure  will  cause  the  bands  to 
cross.  Thus  films  initially  under  compressive  stress,  such  as  "thin"  ZnSe  films,  will 
become  tensile  beyond  some  pressure,  and  the  value  of  dE/dp  will  change  from  the  hh  10 
the  Ih  value.  The  "thick"  films,  on  the  other  hand,  are  always  either  relaxed  or  under 
tensile  stress,  and  will  therefore  follow  the  ih  value  throughout. 

Low  temperatures  (9  K)  will  affect  the  film  strain  and  the  relative  energies  of  the 
valence  bands.  Specifically,  for  ZnSe  films  on  GaAs,  a  temperature  decrease  relaxes  the 
compressive  strain  due  to  lattice  mismatch,  since  the  thermal  expansion  coefficient  for  ZnSe 
is  larger  than  that  for  GaAs  ( 15|.  Nonetheless,  the  "thin”  films  here  remain  compressively 
strained  even  at  low  temperature  for  p  <  41  kbar,  so  that  the  heavy  hole  band  will  therefore 

always  be  at  the  higher  energy.  Hence,  the  model  suggests  that  dE/dp  for  the  "thin"  film 
hh  excitons  and  for  excitons  in  the  bulk  should  be  within  0. 1  meV/kbar  of  each  other. 
Within  experimental  uncertainty,  this  is  seen  here. 

The  "thick"  ZnSe  films,  however,  are  always  under  tensile  stress,  since  it  is 
assumed  that  the  compressive  strain  has  been  completely  relaxed  at  room  temperature.  As  a 
result,  dE/dp  for  these  films  is  expected  to  be  the  Ih  value  which,  according  to  the  model,  is 
~0.3-0.4  meV/kbar  lower  than  the  bulk  and  "thin"  film  values.  Within  experimental  error, 
this  is  consistent  with  the  reported  measurements. 


CONCLUDING  REMARKS 

The  experimental  value  obtained  for  dE/dp  for  bulk  crystalline  ZnSe  falls  within  the 
range  of  values  determined  in  previous  experiments.  Moreover,  the  values  of  dE/dp 
obtained  for  the  ZnSe  cpilayers  grown  on  GaAs  are  indistinguishable  from  the  bulk  result. 
Work  IS  continuing  on  examining  the  effect  of  pressure  on  ZnSe  films,  including  potential 
causes  of  strain  relaxation  in  films  with  the  application  of  high  pressure. 
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ABSTRACT 

The  magnetic  and  electronic  properties  of  some  II-VI  semiconductors  with  3d  transition 
metals  other  than  Mn  are  presented.  For  example,  the  nonzero  orbital  moment  in  Fe^* 
leads  to  more  complex  electronic  energy  levels  than  for  Mn^*  ions.  In  (Cd,Fe)Se,  inelastic 
light  scattering  experiments  demonstrate  that  the  ground  state  is  nonmagnetic  (Van  Vleck 
ion),  and  directly  measures  the  energy  spacing  between  the  three  lowest  levels.  For  Sc^* 
ions  the  donor  level  lies  above  the  bottom  of  the  conduction  band  in  the  Cd-based 
materials. 


INTRODUCTION 

Research  on  II-VI  semiconductors  with  Mn’*  has  been  quite  productive  in  the  past 
ten  years  in  establishing  many  of  the  basic  interactions.  This  is  due  to  the  simplicity  of 
both  the  electronic  and  magnetic  properties  of  the  Mn’*  ion.  On  the  other  hand,  most  of 
the  other  3d  transition  metals  are  more  complex,  leading  to  new  effects  not  found  with 
Mn’*  ions.  A  striking  example  is  the  charge  ordering  of  ionized  Fe’*  donors  in 
(Hg,Fe)Se.(l,2)  Here,  we  will  address  some  new  effects  and  applications  of  non-Mn  3d 
transition  metals  in  U-VI  semicondu 'tors. 

Since  Mn’*  is  the  only  magnetic  3d  ion  having  a  simple  spin-only  moment  {S=5/2, 
L=0),  its  paramagnetic  properties  are  easy  to  model.  In  more  concentrated  material  the  d-d 
exchange  interaction  between  the  ions  significantly  modifies  the  magnetic  properties.  The 
mechanisms  and  effects  associated  with  the  d-d  exchange  have  been  relatively  easy  to 
understand  because  of  the  simplicity  of  the  Mn’*  ion.  Figure  1  displays  the  quantum 
numbers  for  spin  (S)  and  orbital  momentum  (L)  for  all  the  3d  transition  metal  series.  The 
nonzero  orbital  moment  of  all  the  non-Mn  ions  leads  to  more  complicated  magnetic 
behavior  due  to  spin-orbit  coupling  in  crystals.  This  coupling  induces  a  nonmagnetic 
singlet  ground  state  (Van  Vleck  ion)  for  the  Fe’*  ion. 

In  addition  to  the  magnetic  properties,  the  energy  levels  of  the  3d  transition  metals 
have  some  interesting  interactions.  The  Mn’*  donor  level  (2+/3+)  lies  deep  within  the 
valence  band  of  all  the  II-VI  semiconductors,  shown  in  Fig.  2.  In  contrast  to  Mn’*,  the 
donor  levels  of  other  3d  ions  often  lie  near  the  band  edges,  or  even  above  the  conduction 
band  level.  Thus  some  of  these  ions  act  as  a  source  of  large  concentrations  of  conduction 
electrons,  as  with  Fe  in  HgSe.  One  can  also  speculate  that  the  transitions  2+  -»  3+  might 
be  u.seful  for  optical  processes,  since  the  donor  levels  provide  an  additional  level  to  interact 
with  the  existing  conduction  and  valence  band  states. 
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Co2+Sc2+Ti2+v2+  Cr2+ Mn2+Fe2+ 00^+ Cu2+Zn2+ 


ELECTRONS  IN  3d  SHELL 


Fig.  1  -  Quantum  numbers  for  spin  (S)  and  orbital  (L)  momentum  for  the  doubly-ionized 
3d  transition  metals. 


Fig.  2  -  Donor  (2+  -»  3-t-)  and  acceptor  (2+  — »  !-(•)  energy  levels  for  the  doubly-ionized  3d 
transition  metal  series.  On  the  right  are  the  conduction  and  valence  bandedge  energies  for 
ll-Vl  semiconductors.  The  relative  band  offsets  and  transition  metal  levels  are  uncertain  lo 
approximately  ±0.1  eV.  See  Refs.  9-11  for  details. 
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INELASTIC  LIGHT  SCATTERING  IN  (Cd,Fe)Se 

The  spin-orbit  coupling  and  crystal  fields  in  materials  with  Fe^'  combine  to  produce 
a  ground  stale  multiplet  of  electronic  energy  levels  having  separations  of  1-2  meV.  In 
wurtzite  (CdJ*e)Se  the  three  lowest  levels  have  symmetries  A„  A,  and  E,  respectively. 

The  first  observation  of  these  transitions  using  Raman  scattering  has  recently  been 
published.[3]  The  transition  energies  between  the  A,  ground  state  and  the  two  excited 
states  were  measured  and  found  to  be  E(A,-»Aj)=1.5  meV  and  EfA,— >E)=2.0  mcV.  Fig.  3 
shows  these  transition  energies  in  magnetic  fields  to  15  tesla.  Subsequent  calculations[4) 
of  these  energy  levels  agreed  with  the  measured  field-dependent  variations,  shown  as  solid 
lines.  Notice  the  large  differences  when  the  magnetic  field  is  applied  either  parallel  or 
perpendicular  to  the  hexagonal  c-axis.  This  arises  from  the  selection  rules  for  field-induced 
mixing  of  the  wavefunctions  of  the  interacting  states.  The  lowest  energy  transition  is 
nearly  B-independent  for  B  perpendicular  to  c,  demonstrating  that  both  the  A,  and  Aj 
levels  have  equivalent  diamagnetic-like  shifts.  Compare  this  to  the  large  shift  for  the  same 
transition  but  with  B  parallel  to  c,  demonstrating  a  large  mixing.  The  highest  energy 
transition  in  Fig.  3  is  an  overtone  of  the  latter  transition,  and  is  not  the  ground  to  third 
excited  state  which  is  expected  to  lie  above  4  meV  at  B=0.(4] 


B  (T  ) 
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Fig.  3  -  Internal  Fe^  transition  energies 
versus  applied  magnetic  field  for 
Cdi.xFexTe,  x=0.03  at  T=2  K.  Raman 
scattering  was  used  to  measure  the 
transitions  A,-»Aj,  A|-»E,  and  2(A,-4Aj)  for 
directions  of  magnetic  field  parallel  and 
perpendicular  to  the  hexagonal  c-axis, 
after  Ref.  3.  Solid  lines  arc  calculations 
from  Ref.  4. 


Fig.  4  -  Zeeman  splitting  of  donor-bound 
electrons  versus  magnetization  for 
(CdT-elSe  and  (Cd,Mn)Se,  from  spin-flip 
Raman  scattering,  after  Ref.  6.  The 
smaller  energy  for  (CdJ^e)Se  is  due  to  the 
absence  of  the  bound  magnetic  polaron, 
characteristic  of  the  nonmagnetic,  induced- 
moment  ground  slate  of  Fe**. 
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Next,  we  examine  the  nonmagnetic  ground  state  of  Fe^*  in  CUSe  using  spin-flip 
Raman  scattering  (SFRS).  In  Fig.  4,  the  SFRS  from  donor-bound  electrons  is  compared 
for  (Cd,Mn)Se  and  (Cd,Fe)Se.  The  bound  magnetic  poiaron  (BMP)  in  (Cd,Mn)Se  is  a 
well-known  example  where  the  localized  donor  electron  experiences  a  finite  exchange  field 
(nonzero  Zeeman  splitting)  even  at  8=0.  [S]  In  remarkable  contrast  to  this,  a  similar 
concentration  of  Fe  does  not  show  the  BMP  effect  —  the  energy  extrapolates  to  zero  as  B 
decreases.[6]  This  results  from  the  fact  that  Fe'*  ions  do  not  have  the  large  S=5/2  moment 
like  Mn'*,  they  only  have  a  small  field-induced  moment.  In  the  Mn-material  there  are  only 
N-IO'  stochastically  fluctuating  spins,  giving  rise  to  roughly  N'“  net  spin  alignment  at  B=0. 
At  moderate  fields,  the  induced  moment  in  (Cd,Fe)Se  amounts  to  about  one-quarter  of  the 
aligned  moment  in  similar  concentration  (Cd,Mn)Se. 


MAGNETIC  QUANTUM  LIMIT  IN  Hg(Te,Se):Fe 

In  very  high  magnetic  fields,  conduction  electrons  are  expected  to  form  charged 
rods  when  the  cyclotron  energy  is  much  larger  than  the  Fermi  energy.  Moreover,  these 
rods  might  order  in  space  perpendicular  to  the  field,  forming  a  Wigner-like  lattice.  This 
configuration  could  be  further  stabilized,  if  the  background  positive  charges  are  mobile, 
allowing  rearrangement  of  the  positive  charge  along  the  rods  as  "pearls  on  a  string".  Up 
to  now,  such  effects  have  been  predicted  to  occur  in  exotic  systems  like  neutron  stars. 
However,  with  the  discovery  of  the  mixed  valence  Fe^'/Fe**  phenomenon  in  HgSetFe,  it 
now  appears  that  these  collective  effects  might  occur  in  a  laboratory  system.[7] 

There  is  a  lot  of  recent  experimental  evidencc[2,8)  showing  that  in  HgSe:Fe  the  Fe’* 
ionized  donors  orderflj  to  some  extent  In  this  simation,  when  the  number  of  Fe'*  ions  far 
exceeds  the  number  of  ionized  Fe**  ions,  the  Fe**  "choose"  which  Fe  sites  to  occupy  in 
order  to  maximize  their  distance.  Unfortunately,  in  pure  HgSe  the  Fe'*  donor  level  pins 
the  Fermi  level  at  a  large  value  of  Ep  =  220  meV.  Thus  the  quantum  limit  (B>95  *1*)  is 
out  of  reach  of  present  dc  or  long-pulse  magnets.  The  pinning  level,  and  hence  the 
quantum  limit,  can  be  reduced  by  alloying  with  tellurium.[8]  Results  from  high-field 
transpon  measurements  (Hall-  and  Shubnikov  deHaas-effect)  on  HgSe|.,Te,:Fe  give  Ep  = 

135  meV  for  y  =  0,12,  and  Ep  =  45  meV  for  y  =  0.19.  In  the  latter  sample  the  quantum 
limit  is  observed  at  B=14.5  T. 


SCANDIUM  DOPED  MATERIALS 

The  highest-lying  3d  donor  level  in  Fig.  2  is  that  of  Sc'*.  It  appears  to  lie  above 
the  bottom  of  the  conduction  band  in  all  the  Cd  compounds.  Preliminary  SFRS 
measurements  have  been  made  on  donor  electrons  in  Cd,  xMn,Te,  x=0,05,  doped  with  -10” 
cm’  Sc.  This  gives  us  an  opportunity  to  study  the  interaction  of  the  Sc'*  donor  level  with 
the  conduction  band. 
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ABSTRACT 

The  high  field  magnetization  for  Fe  based  Diluted  Magnetic  Semiconductors  has 
been  calculated.  It  is  shown  that  the  low  temperature  magnetization  displays  characteristic 
steps,  related  to  the  nearest  neighbour  exchange  interaction  Umi-  P'<^ovided  that  U||)|  exceeds 
a  critical  value. 


INTRODUCTION 

Up  till  recently,  investigations  on  Diluted  Magnetic  Semiconductors  (DMS)  were 
almost  exclusively  devoted  to  DMS  containing  Mn“  as  a  magnetic  ion  [1],  However,  an 
increasing  number  of  papers  nowadays  deals  with  DMS  containing  other  magnetic  ions 
such  as  Co**  or  Fe**  [2]. 

From  a  magnetic  point  of  view  these  ions  represent  a  more  general  case  since  also 
orbital  momenta  ate  involved.  As  was  shown  before  (3)  for  Fe**  this  results  in  a  rather 
complex  energy  level  scheme  with  a  magnetically  inactive  ground  state,  giving  rise  to  a 
Van  Vleck  type  of  magnetic  behavior. 

For  the  understanding  of  the  exchange  mechanism  between  the  magnetic  ions  the 
strength  and  sign  of  the  neatest  neighbour  interaction  Jj,|,  is  of  utmost  importance  since 
it  is  intimately  related  to  the  location  of  the  d  electron  levels  with  respect  to  the  band 
structure  [4],  For  Mn-DMS  the  location  of  steps  in  the  magnetization  has  been  used  as  a 
direct  protje  for  the  determination  of  Jkj  [5],  while  in  Fe-DMS,  to  which  we  will  restrict 
ourselves,  in  this  contribution,  the  d-d  interactions  can  only  be  estimated  from  the  high 
temperature  susceptibility. 

In  this  paper  we  will  show  by  calculation  that,  also  in  the  case  of  Fe-DMS 
magnetization  steps  can  be  expected  which  ate  related  to  Jjiu,  provided  that  Jjoi  exceeds 
a  certain  critical  value. 


THE  COUPLED  Fe  PAIR 

The  energy  levels  and  wave  functions  of  a  single  Fe  ion  in  a  cubic  crystal  field  has 
been  extensively  studied  by  Slack  et  al  [6].  In  our  calculations  we  also  implemented  an 
isotropic  exchange  interaction  for  a  pair  and  an  external  field: 

Hij  =  -2J  Si  ■  Sj  +  Mb  B  •  (Li  .  2  Si),  (1) 

which  is  defined  on  the  ’E«*E  subspace  of  the  lowest  orbital  doublet  given  by  the 
solution  of  the  crystal  field  Hamiltonian  including  spin  orbit  interaction  [7]. 

The  magnetization  per  mole  of  Fe**  ions  can  be  calculated  from: 


-Ei/kT 

M=-R/2^[^-]  ^  _E.yrpr  B/|B|  (2) 

‘  I  e 

j 

where  Ei  represent  the  eigenvalues  obtained  from  diagonalization  of  (1).  For  the 
calculations  we  will  use  the  date  for  ZnFeSe  which  may  be  considered  as  representative 
for  several  Fe-DMS  from  the  II-Vl  group.  The  crystal  field  parameters  are  well 
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established;  A  =  10  Dq  =  -2930  cm"‘,  A  =  -95  cm‘‘  [8]  and  an  estimation  for  the  nearest 
neighbour  exchange  has  been  found  from  high  temperature  series  expansion;  Juj  =  -22  K 
[3], 

For  isolated  ions  (J  =  0)  the  situation  is  relatively  simple.  An  external  field  B 
induces  a  mixing  of  the  orginally  non  magnetic  ground  state  with  higher  states,  causing  a 
repulsion  of  the  ground  state  and  an  induction  of  a  magnetic  moment.  For  small  fields 
the  ground  state  varies  quadratically  with  field,  yielding  at  low  temperatures  a 
temperature  independent  linear  magnetization  (so  called  Van  Vleck  paramagnetism). 
The  contribution  of  these  isolated  Fe**-ions  magnetization  is  included  in  fig.  2  and 
displays  no  characteristic  steps. 
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Fig.  1.  Field  dependence  of  the 
lowest  levels  of  an  exchange  coupled  Fe 
pair  in  a  cubic  crystal  field  for  two 
values  of  above  and  below 

i  -14  K.  The  insert  shows  the 
appearance  of  a  magnetization  step 
when  Jjin  >  Jcrit- 


Fig.  2.  Magnetization  for  isolated 
spins  and  exchange  coupled  pairs  in 
three  field  directions. 


A  completely  different  situation  arises  when  antiferromagnetically  coupled  pairs 
(J<0)  are  considered.  One  may  note  that  for  sufficiently  large  J,  i.e.  when 
)j|  >>  A^/l  A|,  the  energy  scheme  becomes  analogous  to  the  spin-only  situation,  where 
the  ground  state  is  intersected  by  magnetically  active  states,  yielding  steps  in  the 
magnetization  at  fields  g/iB^s  =  rkglJl,  with  r  =  1..4  for  S  =  2.  We  checked  that  for 
J  =  -100  K  this  situation  is  almost  achieved.  Lowering  the  interaction  strengths,  a 
critical  interaction  strength  |  Jcritl  (Jerit  *  observed,  below  which  no  steps  in 

the  magnetization  are  visible.  In  this  case  the  relatively  large  degree  of  mixing  bends  the 
ground  state  in  that  amount  that  the  excited  states  cannot  intersect.  For  J  =  -10  K  and 
J  =  -22  K  the  low-lying  energetical  structure  as  well  as  the  inferred  low  temperature 
magnetization  are  plotted  in  Fig.  1.  The  contribution  of  a  pair  to  the  magnetization  is 
shown  in  fig.  2,  while  the  relation  between  the  location  of  the  first  step  and  Jmi  is 
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displayed  in  fig.  3.  The  field  dependence  of  the  magnetization  close  to  J^rit  is  further 
illustrated  in  fig.  4.  In  general,  the  position  of  the  steps  (|J|  >  |Jcritl)  depend  strongly 
on  the  field  direction  and  seem  somewhat  arbitrary.  This  is  illustrated  in  Fig.  2,  showing 
that  for  B  along  the  [001]  axis  the  number  of  steps  is  maximal  whereas  in  the  [111] 
direction  only  two  steps  are  visible.  Intuitively  this  may  be  due  to  a  minimal  degree  of 
overlap  between  the  wave-functions  when  the  external  field  is  applied  along  one  of  the 
principal  crystallographic  axes. 

We  would  like  to  emphasize  that,  despite  the  complex  general  behavior,  as  far  as 
the  first  step  is  concerned,  the  field  direction  does  not  influence  its  position  considerably. 
Only  the  size  of  the  step  is  affected.  It  also  appears  that  a  close  resemblance  with  the 
spin-only  situation  (gpo^s  =  k[j|J|)  is  already  obtained  for  interaction  strenghts  closely 
approaching  Jcrit-  Moreover,  variation  of  the  spin-orbit  parameter  from  -95  cm‘‘  to 
-105  cm‘‘,  which  actually  increases  the  single-ion  splitting  roughly  with  25%,  induces  a 
step-shift  of  less  than  10%. 


SAMPLE  MAGNETIZATION 

In  an  actual  DMS  crystal,  the  magnetic  ions  are  randomly  distributed.  For  not  too 
large  magnetic  ion  percentages  (up  to  a  few  percent)  we  assume  that  the  respons  of  such 
a  system  may  be  described  as  arising  from  isolated  ions  and  exchange  coupled  nearest 
neighbour  pairs,  provided  that  the  exchange  between  the  magnetic  ions  is  short  ranged. 
In  contrast  to  Mn-DMS,  so  far  no  conclusive  evidence  about  the  range  of  the  interaction 
has  been  obtained,  nor  has  a  clear  spin  glass  transition  been  observed,  which  would  be 
indicative  for  a  long-range  nature  of  the  d-d  exchange  interactions  [9].  Therefore  we  feel 
that  the  assumption  made  above  is  justified.  The  magnetization  of  such  a;,  array  of 
statistically  distributed  single  ions  and  pairs  can  now  be  calculated  on  the  basis  of  the 
results  obtained  in  the  foregoing  paragraph.  Again,  we  will  use  ZnFeSe  as  a 
representative  example.  The  results  for  a  crystal  containing  5%  of  Fe  ions  are  shown  in 
fig.  5  at  different  temperatures.  It  is  clear  that,  due  to  the  thermal  population  of  excited 
states  the  steps  in  the  magnetization  broaden. 


Fig.  5.  Total  magnetization  calculated  for  Zn^  ^Fe^  o}Se.  The  data  points  were  taken 
from  Swagten  et  al.  [7], 


No  experimental  data  on  the  magnetization  have  been  reported  yet  in  the  field 
range  A’here  according  to  our  calculatioaa  the  niagnetization  sfep?  should  occur.  Data  are 
reported  for  ZnFeSe  [7]  and  CdFeTe  [10]  in  fields  up  till  15  T.  The  data  for  ZnFeSe  are 
included  in  figure  5  and  seem  to  be  rather  well  described  by  the  present  calculation. 
However,  since  these  experiments  are  restricted  to  low  fields  we  will  refrain  from  further 
interpretation  in  the  scope  of  this  paper. 


DISCUSSION 

The  existence  of  a  critical  exchange  strength,  Jq.it,  necessary  to  observe  steps  in 
the  magnetization,  may  not  the  very  transparant  from  the  treatment  of  the  full 
Hamiltonian,  but  can  be  understood  from  the  following  simplified  model  for  the  behavior 
of  the  energy  gap  between  ground  state  and  first  excited  level  for  an  Fe-Fe  pair: 

Eo-E,  =  XpairB'  +  gMBB-2kB|J»s|.  (3) 

The  first  right  hand  term  represents  the  Van  Vleck  type  variation  of  the  ground  state 
energy;  the  second  term  represents  the  field  dependence  of  the  exited  slate  which  closely 
resembles  the  spin-only  eigen  state  of  a  pair  Ej  =  mspjifg/iBB;  while  the  third  term 
represents  the  zero  field  offset  between  the  levels  which  is  only  valid  for  spin-only  eigen 
states  of  a  pair.  The  solution  of  (3)  for  Eq-E,  =  0  is  implemented  in  figure  3  and  predicts 
indeed  also  a  critical  exchange  strength,  though  somewhat  smaller  than  observed  in  the 
full  treatment. 

The  experimental  observation  of  the  magnetization  steps  may  not  be  as  evident  as 
suggested  by  our  calculations.  Apart  from  the  fact  that,  obviously,  the  exchange 
interaction  should  exceed  the  critical  strength  Jcrit.  ^Iso  did  not  consider  the 
contribution  of  clusters  of  more  than  two  Fe-ions.  These  clusters,  which  become 
important  for  higher  concentrations,  will  not  contribute  to  the  structure  near  the  first 
step,  but  will  decrease  the  height.  On  the  other  hand  broadening  may  be  caused  by 
temperature  effects  (as  we  showed  in  figure  5.)  and  by  additional  matrix  elements  (such 
as  DM  anisotropy  [11])  which  were  not  considered  in  the  present  calculations. 

In  conclusion,  we  have  shown  that  in  principle,  the  magnetization  of  Fe-DMS 
displays  a  steplike  behaviour.  The  magnetic  field  at  which  these  steps  occur  are 
determined  by  the  nearest  neighbour  interaction  Jxh  between  Fe‘*  pairs,  provided  that 
this  exchange  exceeds  a  certain  critical  value  J„it-  Experimental  conditions  favourable 
for  the  observations  of  these  phenomena  include  :  low  temperatures  (well  below  4.2  K) 
and  high  fields  (order  of  50  T);  the  use  of  oriented  crystals  preferably  tilong  the  [ill]  axis 
for  ZnFeSe-like  II-VI  compounds  and  Fe  concentrations  of  a  few  percent  to  maximize 
the  number  of  nearest-neighbour  pairs. 
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ABSTRACT 


We  present  a  study  of  the  low  lying  energy  levels  of  Fe^*,  Co^^, 
Ni2+  and  Cu^*  in  diluted  magnetic  semiconductors  such  as  Cdj.xCoxTe  and 
Cdi-xCoxSe  and  their  counterparts.  In  the  first  of  these  compounds  the 
magnetic  ion  sits  on  a  site  of  symmetry  Td  while  in  the  second  the 
symmetry  is  trigonal  (Csv).  We  develop  a  formulation  that  permits  a 
continuous  variation  from  Td  to  C3V  symmetry.  Comparison  with  experi¬ 
mental  data  in  Cdi_xCoxSe  shows  that  the  Cjv  distortion  amounts  to  about 
10%  of  the  crystal  potential  at  the  Co^*  site.  Our  study  of  the  energy 
spectra  of  Fe^*  in  Td  and  C3V  crystal  potentials  reveals  that,  even  in 
the  cubic  field,  the  levels  exhibit  an  anisojrupy  which  manifests  it- 
self  in  an  anisotropy  of  the  magnetization,  M,  in  the  regime  in  which  M 

is  not  a  linear  function  of  the  magnetic  field  t.  The  study  includes 

all  the  levels  in  the  lowest  terms  of  the  (Od)"  (n=6,7,8,9)  configura¬ 
tions.  The  calculations  jre  carried  out  to  second  order  in  the  spin- 
orbit  Interaction  and  in  B  for  the  lowest  orbital  states  and  to  first 
order  in  B  for  the  excited  states.  The  g-factors  of  all  the  levels  are 

obtained  including  their  anisotropy  for  the  Co^^  and  Cu2+  te  states. 


Diluted  magnetic  semiconductors  (OMS’s)  (ij  are  materials  obtained  alloy¬ 
ing  a  II-VI  compound  AB,  where  A  and  B  are  elements  of  the  groups  II  and  VI 
of  the  periodic  table  o'  the  elements,  respectively,  with  MB  where  M  is  a 
transition  metal  ion.  Usually,  the  element  M  enters  the  structure  substitu- 
tionally  at  A  sites  in  the  compound  AB.  The  chemical  formula  of  the  result¬ 
ing  compound  is  Aj-xMxB,  x  being  the  atomic  concentration  of  M.  The  Mn-based 
OMS's  have,  until  recently,  received  the  greatest  attention.  Since  the 
ground  state  of  Hn^*  is  *55/2,  the  crystal  field  has  a  negligible  effect  on 
its  magnetic  properties  and  isolated  Mn^*  ions  in  DMS's  behave  as  if  they 
were  free.  Other  doubly-ionized  transition  metal  ions  exhibit  ground  terms 
possessing  orbital  as  well  as  spin  degeneracies.  A  systematic  investigation 
of  these  transition  ions  in  zinc-ble.ide  and  wurtzite  semiconductors  has  been 
carried  out  [2-3],  In  the  former,  the  symmetry  of  the  site  of  the  impurity 
is  tetrahedral  (group  Tq)  whereas  in  the  latter  a  slight  distortion  along 
the  [111]  direction  yields  trigonal  symmetry  (group  Csv).  Excluding  Mn^+, 
all  the  doubly-ionized  iron  group  ions  have  ground  states  that  are  either  D 
or  F  terms.  The  values  of  L  and  S  are  symmetrical  with  respect  to  the  half- 
filled  3d  shell  so  that  a  study  of  ions  whose  shell  is  more  than  half-filled 
yields  automatically  information  about  those  for  which  the  3d  shell  is  less 
than  half  full.  However,  the  order  of  the  crystal -field-spl i t  levels  is  re¬ 
versed  and  the  spin-orbit  coupling  constant,  X,  changes  sign.  Therefore,  we 
need  only  study  four  of  the  transition  metal  ions.  We  have  investigated  the 
energy  spectra  of  Fe^*pd®),Co2^(3d^),Ni4+pd8)  and  Cu^*(3d^).  Symmetry 
arguments  show  that  while  a  D  term  splits  into  a  doublet  73  and  a  triplet  Ts 
in  the  presence  of  a  tetrahedral  field  [4],  F  terms  split  into  r2+r4+r5.  It 
can  be  shown  [51  that  the  ground  multiplet  of  an  ion  in  the  (3d)'’  configura¬ 
tion  in  a  field  produced  by  a  tetrahedral  arrangement  of  negatively  charged 
ions  is  Tj  for  n=5,  r2  for  n=Z  and  7,  Ta  for  n=l  and  6,  for  n=3  and  8, 
and  Ts  for  n=4  and  9.  We  expect  a  fundamental  difference  between  the  be¬ 
havior  of  Fe^*  and  Ni^*  on  the  one  hand  and  of  Co^*  and  Cu^*  on  the  other 
because  while  the  number  of  electrons  in  the  former  is  even,  in  the  latter  it 
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is  odd.  By  virtue  of  Kramers'  theorem  all  eigenstates  of  Co^'*'  and  Cu2+  have 
even  degeneracies  and  thus  must  always  exhibit  paramagnetism.  Fe^'*'  and  Ni2  + 
can  have  both  degenerate  and  non-degenerate  states.  It  turns  out  that,  in 
the  crystals  under  study,  the  ground  states  of  Fe^+  and  Ni2+  are  non-degen¬ 
erate  and  are,  in  first  approximation  non-raagnetic.  However,  in  the  pre¬ 
sence  of  a  magnetic  field,  the  Zeeman  interaction  mixes  the  states  of  the 
lowest  term  giving  rise  to  a  temperature-independent  paramagnetism  (Van  Vleck 
paramagnetism). 

We  first  consider  the  case  of  a  D  term  in  a  Tj  field.  The  only  signifi¬ 
cant  part  of  the  crystal  potential  can  be  expressed  as 

V(Td)  -  -a 

where  L+=Lx±iLy  and  L^.Ly.L^  are  components  of  the  angular  momentum  operator 
along  the  cubic  axes  x,y  and  z.  The  orbital  angular  momentum  states  of  the 
free  ion  are  eigenvectors  of  and  are  denoted  by  |Ml>(Ml=2,1 ,0,-1 ,-2) .  The 
orbital  states  in  the  presence  of  the  T(j  field  and  their  symmetry  characteri¬ 
zation  are: 


Tj:  ui  =  |0> 

U2  =  2-’s(|2>+|-2>) 

Tj:  v^  =  |-1> 

V,  =  2-M|2>-|-2>) 

V.  =  -|1>.  (2) 

U],  uj,  v+,  Vji  and  v.  are  taken  as  the  unperturbed  wave  functions.  The  spin- 
orbit  coupling  and  the  Zeeman  interaction  are  treated  as  perturbations. 

We  write  the  Hamiltonian  operator  of  the  problem  as  a  supermatrix 
divided  into  diagonal  square  blocks  of  2(2S+1)  and  3(2S+1)  dimensions  corres¬ 
ponding  to  the  2(2S+1)  |ui,  Mgs  states  (i=l,2;  Ms=S,S-l,...,-S+l,-S)  generat¬ 
ed  by  the  orbital  Fs  levels.  We  consider  the  Hamiltonian 


where  H,.  is  the  Hamiltonian  qf  the  ion  in  the  crystal  field  excluding  the 
spin-orbit  coupling  Hg.o.^  AL'§.  The  term  H^  is  the  Zeeman  energy  in  a  mag¬ 
netic  field  B=Bft,  i .e. , 


Hz  =  ubB”-(L+2S). 

The  expression  for  the  Hamiltonian  H  is 


(4) 


E  (r3)+Zu  Bn-S  Bn)>U 

U  D  D 

(AS+MgBfi).U+  E^,(r5)+2ugBn.S-{AS+UgB?i)-T 


(S) 


Here  Eo(r3)  and  EoITs)  are  the  unperturbed  energies  of  the  r3  and  states, 
respectively.  Two  new  quantities  IJ  and  I  are  introduced,  their  definition 
bei  nq 
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<u  iL[v  >  =  U 


(6) 


and 


=  -I 


(7) 


(y=l,^  and  k,ic'=+,0,- ) .  The  components  of  I  obey  the  commutation  relation 
fxT^il  and  can  thus  be  treated  exactly  as  an  angular  momentum  operator  with 
quantum  number  1=1. 

The  Schrodinger  equation  can  be  rearranged  replacing  the  5{2S+1)- 

component  vector  by  a  composite  of  two  vectors,  namely  and  of 
dimensions  2(2S+1)  and  3(2S+1),  respectively.  The  Schrodinger  equation  is 
equivalent  to  two  coupled  equations  which  can  be  solved  for  ijji  ^ )  apj  ^(s)  py 
iteration  keeping  terms  up  to  second  order  in  A  and  ugB.  A  similar  perturba¬ 
tion  formalism  can  be  developed  for  F  terms  in  a  Tj  field.  The  eigenvalues 
and  eigenstates  of  the  spin  Hamiltonian  are  easily  determined  introducing  the 
operator  f=?+S.  The  components  of  f  obey  commutation  rules  identical  to  those 
of  T  and  S.  The  eigenvalues  of  F*F  are  F(F+1)  and  the  energy  levels  are  ob¬ 
tained  working  in  the  representation  generated  by  the  states 


|F,Mp>  =  I  |Mg,Mj><Hg.Mj|F,Hp>  (8) 

MsMj 

Where  Ms=S,S-l,...,-S+l,-S  and  Mf=F,F-1,. . . ,-F+l,-F.  <Ms,Mi|F,MF> 

is  a  Clebsch-Gordan  coefficient.  The  trigonal  distortion  which  affects  the 
energy  levels  and  the  magnetic  properties  of  the  system  is  described  by  the 
additional  potential 


V(C3v)  =  -b(2-L7)-c 


_7L‘*.3i,2^6 
12‘-C  12  A  5 


(9) 


where  is  the  component  of  L  along  the  trigonal  axis.  As  an  example  we 
investigate  the  magnetic  susceptibility  of  Fe^'*'  in  a  wurzite  semiconductor, 
such  as  CdSe. 

The  differential  magnetic  susceptibility  is  defined  by 


Xn  =  nkj  lim  [  Z->(32z/382)-Z-2(aZ/3B)2 

^  °  B-K)  L 


(10) 


where 


Z  =  [exp(-E^/kgT) 


is  the  partition  function  and  n  is  the  number  of  Fe^*  ions  per  unit  volume. 

We  take  into  account  the  contributions  of  the  states  arising  from  the  lowest 
orbital  multiplet  of  Fe^^,  namely  We  calculate  the  energy  levels  of  the 

states  using  second  order  perturbation  theory  and  assuming  that  the 
Zeeman  splitting  is  smaller  than  the  separation  between  the  levels  caused  by 
the  trigonal  field.  The  results,  including  all  the  levels  within  the  lowest 
orbital  states,  are  displayed  in  Tables  I  and  II  for  6  parallel  and 
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perpendicular  to  the  trigonal  axis  c.  respectively.  In  these  tables,  A=6a  is 
the  crystal  field  paran.^ter  and  3W=2|  (3b-c)x|/A  is  the  energy  splitting  of 
the  r2(C3v)  and  r3{C3v)  states  originating  from  the  r4(T(j)  level  of  the 
lowest  orbital  state.  Figure  1  shows  the  temperature  dependence  of  the  dif¬ 
ferential  magnetic  susceptibility  of  Cdi_xFexSe.  We  note  that  the  suscepti¬ 
bilities  when  B  is  either  parallel  or  perpendicular  to  Z  differ  considerably 
below  lOK  in  good  qualitative  agreement  with  experimental  results  16-7].  The 
reason  for  this  behavior  lies  in  the  fact  that  the  Zeeman  interaction  giving 
rise  to  the  Van  Vleck  paramagnetism  mixes  the  Fj  and  r2  states  when  B  is 
parallel  to  c  and  the  fi  and  r3  states  when  B  is  perpendicular  to  this  axis. 


Table  I.  Energy  eigenvalues  of  the  *13  states  of  Fe^*  in  a  field  of  sy;innietry 
C3V  including  terms  to  second  order  in  the  magnetic  field  Bi|r. 


n; — ' 

^3v 

Energy  eigenvalue 

r. 

r. 

-24X2A-‘-8/4B;(tik^A*'-2W)-' 

1'4 

-2W  t8/iB?(6\2A-‘-2W)-*-/4B?A/3X^ 

^  3 

-18A=A-'‘-*-W-//bB,.(1^2.\A-')-4/4B?(6,\^A-'-W)-‘-/4B?A/12.\^ 

-18X2A‘+W+PBBc(l-t2\A-')-4;i|B*(6X*A-'-W)-'-,/|B?A/I2>r 

I'j 

-12X2A-‘+4/4B?(6X^A-'-W)-'-4/i|Bf(6X*A'''+W)-’ 

Ts 

t'l 

-6X2a-‘-2W-8/4B?(6X2a-‘+2W)-'+/4B^A/3X'' 

■'3 

-eX^A-' +W-nBB((l-6''^A-')+4;i|Bj(6X*A-> -)  W)- ' +/4R?A/12X2 

-6X''A-'-i-W+x/BB,.(l-6XA-')+4/i|Bf(6X2A-*  +W)-‘ +(4B?A/12X2 

[’2 

8p^B2(6X2A-‘t2\V)' 

Table  11.  Energy  eigenvalues  of  the  *  13  states  of  Fe*^  in  a  field  of  sxmmetry 
C3V  including  terms  to  second  order  in  the  magnetic  field  Bxr. 


Td 

C3V 

Energy  eigenvalue 

r, 

r, 

-24X'-A''  -S/ij'iBi  (6X-’A''  4-W)  ' 

r, 

1  2 

-18X-A-'-2W-;;f,Bi  |(3W)-'  +  4(6X-’A-'+2W)-'t(12X»A-'+3W)-') 

-18X"A-'  +  W+,i,-;Bi  |(3W)-  ' -.2(6X2a-'-W)-'  .(A/»X-)| 

-18X-A’'+W+/ii-B'i  [8(6X'^A  ■'+W)-'-2(6X'-’A-''-'W)-'-(A/8X") 

-(nX'^'A*'  -3W)-'| 

Fs 

I'3 

-12X^A-'  t/i'^Bi  [  4(8X-A“'-2W)-'+2(9X'"A''-W)-'-2(6X'^A“'+W)-‘1 
-12X-A"'+;if,Bi  |4(6X-A''+2W)-'+2(8X*A^‘-W)''-2(8X-A''+W)''j 

I's 

r, 

-eX'A-'  -2W+;ii^,Bi  |(12X- A  '  -3W)-'  +4(8XM''  -2W)^'  -(3W)'' ) 

i\ 

-ax= A-‘  +W+4<f,Bi  |(12X'‘ A''  +3WE'  +(A/«X=)+2(6X- A"'  +  W)’ '  -8(8X- A'  ‘  -  W)  '  ] 
-6X’A-'+W+4<SBi  ((A/6X^)3.(3W)-'+2(8X2a-'  +  W)'') 

fs 

8(iiBi  (SX^A-'-W)-' 
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Figure  1.  Magnetic  suscept ibil i ty 
of  3  function  of 

temperature  for  small  x  and  weak 
magnetic  fields.  The  curves  are 
obtained  using  A=-81cm“^  and 
A=2680cm“^  taken  from  Ref,  (6], 

The  energy  separation  of  the 
^2(C3vi  and  r3(C3y)  is  selected  to 
be  3W=7.5cm  to  yield  agreement 
with  the  experimental  data  [7]. 

Xu  and  Xj_  the  differential 
magnetir  susceptibilities  when  B 
is  parallel  and  perpendicular  to 
the  trigonal  axis,  respectively. 
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ABSTRACT 

In  contrast  to  the  bulk  diluted  magnetic  semiconductor  (DMS)  Cdi_,Mii,Sc  which  oc¬ 
curs  with  the  wurtzite  structure,  its  epilayers  grown  on  (001)  GaAs  substrate  by  Molecular 
Beam  Epitrixy  exhibit  the  cubic  zinc-blende  structure.  Raman  spectroscopy  and  photolu¬ 
minescence  studies  on  this  novel  DMS  show  (1)  a  “two-mode”  behavior  of  the  zone  cen¬ 
ter  optical  phonons,  (2)  the  Raman  line  associated  with  the  spin-flip  in  the  Zeeman  split 
S  =  5/2  ground  state  of  Mn’^,  and  (3)  large  Raman  shifts  associated  with  the  spin-flip  of 
donor-bound  electrons.  The  large  magnetic  field  dependence  in  (3)  with  saturation  at  high 
fields  and  low  temperature  shows  that  the  s-d  exchange  interaction  characteristic  of  DMS’s 
is  also  manifested  strikingly  in  the  zinc-blende  phase  of  Cdi_,Mn,Se. 

INTRODUCTION 

The  tetrahedrally  coordinated  Mn-based  Il-Vl  diluted  magnetic  semiconductors  (DMS’s) 
are  continuing  to  attract  intense  interest  in  view  of  their  remarkable  magnetic  and  semicon¬ 
ducting  properties  [1].  More  recently  DMS’s  in  which  Fe*'*^  and  Co’*  replace  the  group 
II  element  have  also  become  available  and  their  distinctive  behavior  has  been  the  object 
of  several  investigations  [1,  2].  We  note  that  the  Il-VI  DMS’s  typically  occur  either  in 
the  cubic  (zinc-blende)  or  the  hexagonal  (wurtzite)  structure.  For  example,  Cdi_xMn,Te 
and  Cdi_,Mn,Se  grown  by  bulk  growth  techniques  have  zinc-blende  and  wurtzite  structure, 
respectively.  Bulk  crystal  growth  appears  to  restrict  the  maximum  concentration  of  the 
magnetic  constituent  which  can  be  incorporated;  for  example,  Cd]_,Mn,Te  occurs  with  a 
maximum  x  of  0.75.  Also,  MnTe  has  NiAs  structure,  whereas  viewed  as  the  “end  member” 
of  the  Cdi_,Mn,Te  system  with  i  — »  1,  it  has  a  zinc-blende  structure.  It  is  evident  that 
subtle  thermodynamic  considerations  play  a  role  in  determining  the  structure  assumed  by 
the  system  and  in  limiting  the  maximum  i  which  can  be  incorporated.  In  this  context 
a  non-equilibrium  growth  technique  like  molecular  beam  epitaxy  (MBE)  offers  a  mean  to 
increasing  i  even  up  to  unity  [3]  and  for  realizing  alternative  structures  [4,  5j. 

Recently,  Samarth  et  of.  [4,  5|  demonstrated  that  CdSe,  Cdi_,Mn,Se  and  Cdi.,Zn,Se 
can  be  stabilized  in  the  cubic  zinc-blende  structure  by  growing  epitaxial  layers  on  (001) 
GaAs  substrates  using  molecular  beam  epitaxy  (MBE).  In  this  paper  we  describe  and  dis¬ 
cuss  the  Raman  spectra  of  Cd]  ,Mn,Se  epilayers,  as  well  as,  Cdi_,Zn,Se/Cdi_,Mn,Se  and 
ZnSe/Cdi_,Mn,Se  superlattices  [6].  We  have  observed  zone  renter  optical  phonons,  Raman 
electron  paramagnetic  resonance(u;pM:  Raman  EPR)  of  Mn*’  and  the  spin-flip  of  the  donor 
bound  electrons  (wsfa).  We  discuss  them  in  the  context  of  the  two-mode  behavior  expected 
for  zone  center  optical  phonons  and  the  large  spin-spin  exchange  between  the  d-electrons  of 
Mn’*  and  th»  s  dectron.s  of  ll,c  T,  conduction  band 
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Figure  1;  (a)  Raman  spectrum  of  the  ainc-blende  Cdo.s4Mno.i6Se  epilayer  at  T=5K.  The 
spectrum  was  recorded  in  the  backscattering  geometry  2(11)2  with  incident  wavelength  of 
6328  A.  (b)  Composition  dependence  of  the  zone  center  optical  phonon  frequencies  in  zinc- 
blende  Cdi.,Mn,Se. 

n.  VIBRATIONAL  RAMAN  SPECTRA 

The  Raman  spec, rum  of  a  (001)  epilayer  of  cubic  Cd|.,Mn,Se,  x  =  0.16,  recorded  in 
the  backscattering  geometry  2(11)2  is  shown  in  Fig.  la.  The  spectrum  was  taken  at  T— 5K 
with  the  6328  A  line  of  a  He-Ne  laser.  As  shown  in  Fig.  lb,  the  Raman  peak  labeled  LOj 
can  be  traced  to  the  zone  center  LO  phonon  of  CdSe  as  x  — ♦  0.  The  Raman  peak  labeled 
LOi  corresponds  to  the  line  evolving  from  the  local  mode  of  Mn  in  CdSe  as  x  increases  The 
TO  mode  is  not  observed  since  it  is  forbidden  in  the  (001)  orientation  of  the  epilayers. 

The  optical  phonons  of  Cdi_xMnxSe  show  a  composition  dependence  corresponding  to 
a  “two-mode”  behavior.  As  shown  in  Fig.  lb,  in  the  two-mode  behavior  the  modes  (LO 
and  TO)  of  each  of  the  two  binary  crystals  involved  in  the  alloy  maintain  their  character 
throughout  the  concentration  range.  We  shall  refer  to  them  as  “CdSe”  modes  and  “MnSe” 
modes.  The  CdSe  modes  at  i  =  0  converge  into  the  gap  mode  of  Cd  in  MnSe  as  i  — •  1. 
Similarly,  the  MnSe  modes  at  i  =  1  become  the  local  mode  of  Mn  in  CdSe  as  i  — »  0.  At  i  =  0 
the  Mn  impurity  in  CdSe  has  a  higher  frequency  than  the  two  modes  of  CdSe,  as  expected 
for  an  impurity  with  a  mass  significantly  smaller  than  those  of  the  other  constituents  The 
curves  in  Fig.  lb  were  generated  from  a  modified  random-element  isodisplacement  (MREl) 
model  (7,  8). 

W'e  have  compared  the  frequencies  of  the  zone  center  Raman  lines  as  a  function  of  x 
observed  in  cubic  and  uniaxial  (9j  Cdi_,Mn,Se.  Both  structures  show  a  similar  two-mode 
behavior.  In  the  cubic  zinc-blende  (TJ)  crystals  only  Fj  optical  modes  are  allowed.  In  the 
wurtzite  (Ce,)  crystals  the  Raman  active  zone  center  optical  phonons  consist  of  Ai  -t-Ej  -t2E3. 
The  hexagonal  crystal  field  splits  the  Fj  vibrational  modes  of  the  zinc-blende  lattice  into 
the  .Ai  and  Ei  modes  of  the  wurtzite  structure.  Since  the  frequency  of  the  Fj(TO)  and 
Fj(LO)  modes  in  the  zinc-blende  epilayers  are  close  to  those  of  the  corresponding  A|  and 
El  modes  in  th'  wir'zitc  '”d  Mn^Se  ttimncrHout  composition  range,  we  con"'ud-'  rhat 
the  anisotropy  of  the  crystal  field  is  small. 
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Figure  2:  Raman-EPR  lines  in  the  Cdo.9Mno.1Se/ZnSe  superlattice,  at  T=5K.  The  Raman 
lines  in  (a)  correspond  to  1PM,  2PM,  3PM,  4PM,  and  5PM.  They  result  from  transitions 
within  the  Zeeman  multiplet  of  Mn^'*’,  with  Ains=I,2,3,4,  and  5,  respectively.  This  spectrum 
is  obtained  in  the  crossed  polarization  z(yx)z  with  magnetic  field  H=60  kG  along  r  and 
incident  wavelength  of  6764  A  with  57  iiiW  power.  The  5PM  line  appearing  superposed  on 
the  photoluminescence  shows  how  closely  the  resonance  condition  is  fulfilled.  The  spectrum 
in  (b)  shows  the  additional  6PM  and  7PM  lines  observed  at  a  lower  magnetic  field.  In  this 
spectrum  the  1PM  line  is  obscured  by  the  parasitic  laser  light. 

III.  RAMAN-ELECTRON  PARAMAGNETIC  RESONANCE  OF  Mn^^ 

In  addition  to  the  vibrational  modes,  the  Raman  spectra  of  Cdi_,Mn,Se  show  magnetic 
features  typically  encountered  in  DMS’s.  The  Raman  line  2issociated  with  the  spin-flip 
transition  within  the  Zeeman  split  3d*  multiplet  of  Mn^*",  i.e.,  the  Raman-EPR  (PM),  has 
been  observed  in  Cdi-xMn,Se  and  in  the  Cdo.9Mno.1Se/ZnSe  superlattice.  The  intensity 
of  this  Raman  line  is  resonantly  enhanced  when  the  scattered  phonon  is  close  to  that  of  a 
Zeeman  component  of  the  excitonic  transition.  This  resonant  enhancement  demonstrates 
[10]  that  the  mechanism  for  the  Raman-EPR  involves  interband  electronic  tr2uisitions.  The 
Raman-EPR  shift,  given  by  hwpM  =  giUnfiBH,  yields  a  g-factor  of  2,  as  expected  for  Mn^C 

Figure  2(a)  shows  the  remarkable  Raman-EPR  spectrum  observed  in  a  Cdo.9Mno.1Se/ZnSe 
superlattice,  at  T=5K,  where  Cdo.9Mno.1Se  is  the  well.  The  observed  Raman  lines  labeled 
1PM,  2PM,  3PM,  4PM  and  5PM  have  their  origin  in  the  transitions  with  Ams=l,2,3,4  and 
5  within  the  S=5/2  Zeeman  multiplet  of  Mn^'*'.  Figure  3  shows  the  linear  dependence  of 
the  Raman-EPR  shift  as  a  function  of  magnetic  field  where  the  solid  lines  correspond  to 
gMn^+  =  2.  In  Fig.  2(b)  we  also  observe  peaks  corresponding  to  6PM  and  7PM  (see  also 
Fig.  3).  The  multiple  spin-flip  features  in  a  DMS  can  be  accounted  for  in  terms  of  excita¬ 
tions  within  neighboring  pairs  of  Mn^'*'  ions  coupled  antiferromagnetically  and  assuming  an 
anisotropic  exchange  interaction  between  the  ground  state  multiplet  of  one  and  the  excited 
state  of  the  other  [1 1). 
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Figure  3:  Raman-EPR  (PM)  shift  as  a  function  of  magnetic  field  in  the  Cdo.gMno.iSe/ZnSe 
superlattice,  at  T=5K.  The  solid  lines  correspond  to  the  Raman-EPR  shift  given  by 
ngMn’+Z'BH  with  gMnJ+  =  2  and  n  = 

IV.  SPIN-FLIP  OF  ELECTRONS  BOUND  TO  DONORS 

Another  Raman  feature  associated  with  magnetic  excitations  encountered  in  DMS  alloys 
is  the  spin-flip  of  electrons  bound  to  donors,  enhanced  by  the  s-d  exchange  interaction.  As 
in  a  bulk  DMS,  the  Raman  shift  of  the  donor  spin-flip  line  exhibits  a  Brillouin  function-like 
behavior,  as  can  be  seen  in  Fig.  4.  Since  the  spin-flip  Raman  mechanism  also  involves  inter- 
band  electronic  transitions  [10],  the  observed  resonant  enhancement  for  incident  frequencies 
close  to  excitonic  excitations  is  to  be  expected. 

The  spin  splitting  of  the  donor  ground  state  in  DMS’s  is  determined  by  the  macroscopic 
magnetization  of  the  Mn^"*"  ions  and  the  “intrinsic”  Zeeman  effect,  i.e., 

0( 

husFR  = - M„(H)  +  g'naH  =  (1) 

where  a  is  the  exchange  integral  characterizing  the  interaction  between  the  spins  of  Mir* 
ions  and  those  of  the  s-like  Fg  electrons;  /re  the  Bohr  magneton;  Mo(H)  the  macroscopic 
magnetization;  gMn’+=2,  the  g  factor  of  Mn^'*';  g'  the  intrinsic  g  factor  of  the  band  electrons, 
and  g^if  the  effective  g  factor  of  the  conduction  band.  Because  of  the  strong  s-d  exchange  in¬ 
teraction,  the  first  term,  characterized  by  the  Brillouin  function  Bs/jIg/rgH/keT),  dominates 
the  spin  splitting  [12]. 

From  the  slope  of  the  linear  portion  of  the  spin-flip  data  for  Cdi_,Mn,Se,  x=0.10,  shown 
in  Fig.  4,  we  obtain  g^f/  =  94  at  T=5  K,  within  experimental  errors,  close  to  that  previously 
observed  in  bulk  Cdo.gMno.iSe  [12]. 

In  Fig.  4  we  also  observe  the  smaller  spin-flip  Raman  shift  associated  with  a  higher 
concentration,  i  =  0.75.  At  i  =  0.75  we  obtain  g^j/  =  20  at  T  =  5  K  which  is  considerably 
smaller  than  the  value  given  above  for  i  =  0.10.  The  spin-flip  Raman  shift,  which  is 
proportional  to  the  magnetization,  increases  with  x  until  it  reaches  a  maximum  shift  at  about 
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Figure  4:  Magnetic  field  and  temperature  dependence  of  the  spin-flip  Raman  shift  in 
Cdi_,Mn,Se  epilayers,  i  =  0.1  and  x  =  0.75,  with  external  magnetic  field  in  the  plane 
of  the  (001)  layers.  The  spectra  were  obtained  in  the  cross-poUrization  a{iy)l  with  incident 
laser  wavelength  Al  =  6^71  A. 

X  —  0.20.  For  higher  concentrations  the  antiferromagnetic  interaction  reduces  the  effective 
number  of  spins  contributing  to  the  magnetization.  Equation  (1)  does  not  reproduce  the 
experimental  data  at  high  i  which  show  a  much  weaker  dependence  on  the  temperature.  An 
ansatz  [12]  that  works  very  well  is  to  replace  T  hy  T  +  ,  where  is  a  phenomenological 

constant  that  is  inserted  to  account  for  anliferromagnetic  interactions.  We  found  that  Taf 
steadily  increases  with  i,  having  a  value  of  about  400  K  for  x  =  0.75.  These  experimental 
results  are  in  reasonable  agreement  with  Faraday  rotation  measurements  in  bulk  Cdj.,Mn,Se 
(0.0  <  I  <  0.5),  where  the  magnetization  as  a  function  of  x  behaves  quantitatively  similar 
to  the  g^fj  [13|.  Faraday  rotation  in  Cdi_,Mn,Te  also  shows  large  values  of  Taf  for  large  x 
[H], 

V.  CONCLUDING  REMARKS 

The  Raman  scattering  confirms  the  zinc*blende  nature  of  Cdi_,1VlnxSe  epilayers  grown 
on  (001)  GaAs  substrates.  These  new  members  of  the  family  of  II-VI  semiconductors  and 
their  alloys  are  zinc-blende  counterparts  of  the  wurtzite  structure  occurring  in  bulk  crystals. 
As  a  member  of  the  DMS  family  of  materials,  zinc-blende  Cdi-^Mn^Se  shows  the  magnetic 
excitations  characteristic  of  these  materials,  namely,  Raman-EPR  and  spin-flip  scattering 
from  donor-bound  electrons.  These  features  are  also  seen  in  Cdi-^Mn^Se  layers  incorpo¬ 
rated  in  superlattices.  As  the  growth  parameters  are  brought  under  better  control,  features 
characteristic  of  superlattices  and  quantum  wells  (such  as  folded  acoustic  phonons,  confined 
optica]  phonons,  and  confined  electronic  levels)  will  be  explored. 
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ABSTRACT 

The  magnetospectroscopy  data  of  free  exciton  in  hexagonal 
Cdi  ,,  FCm  Se  are  presented  for  different  magnetic  field 
orientation.  Combining  exciton  splitting  data  with  magnetic 
susceptibility  data  we  estimate  p-d  e.xchange  integral  for  CdFeSe 
valence  band. 


INTRODUCTION 

Most  research  on  Diluted  Magnetic  Semiconductors  11]  has 
been  devoted  to  Mn-based  DMS,  which  represent  rather  simple  case 
because  of  spin-only  magnetic  moment  of  Mn  ions  (L=0.  S=5/2) 

leading  to  Bn  1 louin-type  paramagnetism.  On  the  other  hand  the 
class  of  Fe-based  DMS  represents  more  complex  case,  since  Fe’* 
ions  possess  both  spin  and  orbital  momenta  (L=2,  S=2)  12,3,4).  In 

this  situation  the  ground  state  of  Fe  ions  is  a  singlet  resulting 
in  Van  Vleck-type  (i.e.  magnetic  field  induced)  paramagnetism 
(3,41  . 

Although  recently  Fe-based  DMS  have  been  intensively 
investigated  (5-171  the  available  data  are  still  rather  poor.  In 
particular  the  influence  of  s , p-d  exchange  interaction  on 
conduction  and  valence  bands  has  been  reported  only  for  ZnFeSe 
(101  and  partially  for  CdFeSe  (11,12,13,141.  Therefore  we  thought 
it  worthwhile  to  study  free  exciton  in  CdFeSe  in  some  detail. 


EXPERIMENTAL 

We  studied  hexagonal  Cd»--FeMSe  crystals  with  Fe 
concentration  x=0.007,  0.011,  0.032,  0.036,  0.038,  0.044,  0.049, 
0.055,  0.068,  0.077  (x  determined  from  the  free  exciton  energy  in 
the  absence  of  magnetic  field  (131). 

We  measured  reflectivity  and  transmission  (on  the  samples  of 
the  thickness  less  than  lum)  in  the  free  exciton  energy  range  at 
temperature  T=1.0K  and  Faraday  configuration  in  circularly 
polarized  light  (o',  o  ).  Magnetic  field  (up  to  5T)  was  oriented 
relatively  to  the  crystal  hexagonal  c  axis. 

In  the  absence  of  magnetic  field  two  exciton  lines  are 
observed  (exciton  A  and  B  as  expected  for  hexagonal  crystals) , 
These  exciton  lines  are  strongly  split  in  magnetic  field  into  4 
lines:  a.  b,  c  and  d.  In  Fig. la,  b  and  c  we  show  representative 
exciton  splittings  for  different  magnetic  field  orientation.  We 
notice  strong  anisotropy  of  exciton  splittings  while  rotating 
sample  relatively  magnetic  field.  General  structure  of  exciton 
lines  in  our  material  is  similar  to  that  observed  for  CdMnSe 
(15).  The  absence  of  saturation  effects  for  exciton  level 
splittings  with  magnetic  field  (observed  for  CdMnSe)  results  from 
Van  Vleck  type  paramagnet ism  of  Fe'*  ions. 

Mat.  Res.  Soc.  Symp.  Proc.  Vol.  161.  ‘  1990  Materials  Research  Society 


Exciton  6n6r£7  (cm  Exclton  energy  (cm~'^) 


Fig.l  Energies  of  the 
exciton  lines  (full  syiri- 
bols  -  :  open  symbols  - 

o  .1  in  Cd.  Fe..  Se  at 
T* 1 . 8K ,  The  crystal  hexa¬ 
gonal  axis  IS  oriented  on 
angle  to  the  magnetic 

field  ai .  x=0 . 038, 

■  •=0"  (Bile),  b)  .  x=0 . 0J2  . 
‘•=67".  c)  .  x  =  0,044.  ‘'=90' 
(Bbc' .  The  lines  show 

results  of  calculations 
as  discussed  in  the  text 
(N.-i=0.23eV  and  N..|J  =  - 
1 . 9eV)  . 
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DISCUSSION 

The  large  exciton  splitting  in  magnetic  field  reflects 
strong  band  splittings  due  to  s,p-d  exchange  interaction  between 
band  electrons  and  Fe  ions  11.161.  This  interaction  is  usually 
described  by  Heisenberg-type  Hamiltonian,  which  in  simplified, 
mca.T  field  approximation  reads  (16): 

(1)  H=-J  >xN.i 

where  s-.i.  is  z  component  of  band  electron  (hole)  spin.  <.  S,  >  is 
mean  value  of  magnetic  icn  spin.  K.  denotes  the  number  of  unit 
cells  per  unit  volume  and  J  is  exchange  operator  resulting  in 
matrix  elements  and  6=<XIJIX>  for  conduction  and 

valence  bands,  respectively.  The  Heisenberg-type  Hamiltonian  is  a 
proper  one  ’f  interacting  states  are  simple  multiplets,  as  for 
materials  containing  Mn' *  .  Although  for  Fe’'the  situa  ion  is  more 
complicated,  the  exchange  Hamiltonian  in  this  case  was  also 
assumed  in  the  form  (1)  having  in  mind  simiiaj  exciton  behaviour 
in  Mn-  and  Fe-based  materials  1101. 

The  mean  spin  < S, >  was  suggested  to  be  expressed  by 
macroscopic  magnetization  in  the  form  1101: 

(2)  <S^  >=k<M,  >=(m/x)  (k/pBlH- 

where  m=  ( l-x)m::n+  xn*-m+  mo«  is  mass  of  CdFeSe  molecule,  is 

magnetization  (per  unit  mass!  and  k  is  prefactor  describing  the 
fact  that  magnetization  of  Fe' '  ions  results  from  both  spin  and 
orbital  nromenta  O).  in  the  case  of  CdSe :  k=0.444  (for  spin-only 
case  k=l/2  1101).  It  follows  from  a  Fe-Fe  pair  calculations  (8) 
that  k-factor  should  be  practically  the  same  for  nun i nteract i ng 
Fe' •  ions  as  well  as  for  infei  acting  systems  for  which  ENNPA 
calculations  apply  (x<0.05,  (8|). 

The  full  Hamiltonian  describing  conduction  and  valence  bands 
can  be  obtained  in  a  form  similar  to  the  CdMnSe  case  (see  Ref. 17. 
eqs .  1  and  5).  We  pvtice  that  this  Hamiltonian  is  parametrized  by 

<Sy  >  and  then  by  the  magnet ization .  Since  experimental 
magnet  izat  lor.  data  are  not  available.  we  calculated  Cdi  »Fe..Se 
magnetization  for  Bile  and  Bic  in  the  ENNPA  approximation  123). 
Using  parameters  N.>u  and  H.fl  obtained  as  described  below,  we 
diagonalizea  Hamiltonian  matrix  obtaining  exciton  energy  levels. 
The  results  are  shown  in  Fig.l.  We  find  satisfactory  matching 
with  the  experimental  data. 

Exchange  parameters  N..ii  and  N..6  can  be  determined  by 
comparing  exciton  splitting  with  magnetization  or  susceptibility 
in  the  configuration  Bile.  In  this  case  the  splitting  of  lines  a 
and  d  (Fig.l)  reads  117): 

Ert -E.  =  ( N,,.)  -N.:, 6 )  m  1  k/)iB  )  M., 

( 3)  c" 

d  ( Ert -E. )  / dB=  ( N.:.. > -H .  e )  m  ( k /jte. )  X.„ 

where  Xm  is  magnetic  susceptibility. 

In  order  to  estimate  exchange  integrals  Nr.ti  and  N.:,6  we 
determined  numerically  derivative  of  exciton  splitting  d(Ea- 
E. ) /dB  and  we  measured  susceptibility  (both  for  Bile)  of  some  of 
our  samples.  Obtained  susceptibility  data  reveal  deviation  from 
expected  Van  Vleck-type  behaviour  14,8):  susceptibility  increases 
monotonously  with  decreasing  temperature  instead  of  being 
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temperature  independent  at  low  temperatures  (below  at  about  4K) . 
Similar  situation  was  also  encountered  for  ZnFeSe  (101  and  HgFeSe 
[9,18]  and  was  attributed  to  the  paramagnetic  impurities  present 
in  the  1  n'’''st igated  crystals  (10.18,191.  We  notice  that  rather 
small  amount  of  such  impurities  (x=10  ^-10  which  corresponds 
to  Nj  me  “10‘“-10‘'’cm‘ ’)  is  enough  to  mask  completely  the 
temperature  independent  susceptibility  of  Fe* *  ions  at  low 
temperatures  (4). 

In  the  spirit  of  this  interpretation  we  corrected 
experimental  data  to  remove  from  susceptibility  and  exciton 
splittings  contribution  of  the  impurities  120).  Finally  (N.ia-Nr.fl) 
may  be  evaluated  using  formula  (3)  for  each  sample.  We  found 
decrease  of  ( N.^ci -Nr.  fi )  with  increasing  Fe  concentration.  However, 
in  our  opinion,  experimental  accuracy  is  too  poor  to  derive 
pertinent  conclusions  concerning  this  dependence.  Moreover  we 
notice  that  if  the  calculated  magnetization  (23)  is  used  for  (E.- 
E. )  vs.  M,,  plot,  one  finds  (N.-ju-Nofl)  independent  of  concentration 
(N,.u -Nr.0“2 .  OeV  in  this  case)  .  We  believe.  that  at  the  present 
stage  the  most  reasonable  estimation  of  for  CdFeSe 
should  be  the  average  value:  (N.-.'> -N.:.1J)  =  (  2 . 1 3±0 . 15 )  eV  .  Using 
N, ...  =0 . 225eV  ,  the  value  resulting  from  Raman  scattering  experiment 
(111.  one  finds  11 .13=  ( -1 . 9  +  0 . 151  eV  .  the  value  very  close  to  that 
reported  for  ZnFeSe  (11-.B=  (-1 . 74*0 . 13)  eV  1211).  Since  the 
differences  in  exchange  parameters  for  different  materials  does 
not  exceed  the  experimental  accuracy.  one  can  hardly  conclude 
about  the  chemical  trends  of  s,p-d  exchange  interaction  for  Fe- 
type  and  Mn-type  DMS .  In  general  we  find  similar  situation  for 
both  families,  where  s-d  as  well  as  p-d  exchange  parameters  are 
similar  for  Zn  and  Cd  selenides  as  shown  in  Tab.l. 


Table  1 


mater i a  1 

..1  (eV) 

N.: 

.fl(eV) 

,/k»(K) 

ZnFeSe 

0  . 

22 

(10) 

-1 

.74 

110) 

-22 

122) 

CdFeSe 

0. 

225 

(111 

-1 

.  9 

-19 

123) 

HgFeSe 

-18 

1231 

ZnMnSe 

0. 

26 

124) 

-1 

.31 

124) 

-12  . 

6  125) 

CdMnSe 

0 

23 

(151 

-1 

.  26 

(151 

-8 

126) 

HgMnSe 

-11 

128) 

-6 

127) 

This  situation  should  be  correlated  with  the  d-d  exchange 
interaction  for  these  materials  (see  Tab.l).  Assuming  that 
superexchange  is  the  dominant  mechanism  of  d-d  interaction.  the 
stronger  p-d  exchange  (reflecting  larger  probability  of  the 
electron  hopping  between  Fe  ions)  should  lead  to  stronger 
interaction  between  magnetic  ions  (monitored  by  Jm.^)  129).  This 
trend  may  be  recovered  comparing  Mn  and  Fe  DMS  families  (Tab. 2) . 
Moreover  similar  N.^fl  values  for  ZnFeSe  and  CdFeSe  correspond  to 
similar  d-d  interaction  between  Fe  ions.  Unfortunately  more 
detailed  analysis  of  exchange  is  difficult  at  the  moment  since 
the  knowledge  about  the  other  parameters  involved  in  the  s , p-d 
and  d-d  interaction  model  1291  for  ZnFeSe  and  CdFeSe  is  rather 
poor  and  proper  analysis  of  chemical  trends  for  p-d  and  d-d 
interaction  still  awaits  further  study. 
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\'olume  128 — Processing  and  Characterization  of  Materials  Using  Ion  Beams,  L  E  Rehn, 
I  Greene,  F  A  Smidt,  logo,  ISBN:  1-55800-001-1 

Volume  129— Laser  and  Particle-Beam  Modification  of  Chemical  Processes  on  Surfaces, 
A  W  lohnson,  G  L  Loper,  T  W  Sigmon,  1080,  ISBN:  1-55800-002-X 

Volume  130— Thin  Films:  Stresses  and  Mechanical  Properties,  J  C  Bravman,  W  D  Nix, 
D  M  Barnett,  D  A.  Smith,  1080,  ISBN:  I-SS800-003-8 

Volume  131— Chemical  Perspectives  of  Microelectronic  Materials,  M  E.  Cross, 

I  lasinski,  |  T  Yates,  [r  ,  1080,  ISBN:  l-55800-004-b 

V'olume  132— Multicomponent  Ultrafinc  Microstructures,  L.E.  McCandlish,  B.H  Rear, 
D  E  Polk,  and  R  W  Siegel,  1089,  ISBN:  1-55899-005-4 

\  olume  133— High  Temperature  Ordered  Intermetallic  Alloys  III,  C  T.  Liu,  A  I  Taub, 

N  S  Stoloff,  C  C  Koch,  1989,  ISBN:  I-55899-00b-2 

\  olume  134— The  Materials  Science  and  Engineering  of  Rigid-Rod  Polymers, 

W  W  Adams,  R.K.  Eby,  D  E.  McLemore,  1989,  ISBN:  1-55899-007-0 

Volume  135— Solid  State  Ionics,  G.  Nazri,  R.A.  Huggins,  D.F.  Shriver,  1989, 

ISBN:  1-55899-008-9 

Volume  13b— Fly  Ash  and  Coal  Conversion  By-Products:  Characterization,  Utilization 
and  Disposal  V,  R.T.  Hemmings,  E.E.  Berry,  C.J  McCarthy,  F  P  Glasser, 
1989,  ISBN  1-55899-009-7 

Volume  137--Pore  Structure  and  Permeability  of  Cementitious  Materials,  L  R  Roberts, 
I  P  Skalny,  1989,  ISBN.  1-55899-010-0 

Volume  138— Characterization  of  the  Structure  and  Chemistry  of  Defects  in  Materials, 
B  C  Larson,  M  Ruble,  D  N.  Seidman,  1989,  ISBN;  1 -55899-01  l-o 

Volume  139— High  Resolution  Microscopy  of  Materials,  W.  Krakow,  F  A  Ponce, 

D./  Smith,  1989,  ISBN  1-55899-012-7 

Volume  140 — New  Materials  Approaches  to  Tribology:  Theory  and  Applications, 

L.E.  Pope,  L  Fehrenbacher,  W  O.  Winer,  1989,  ISBN.  1-55899-013-5 

Volume  141  — Atomic  Scale  Calculations  in  Materials  Science,  J.  Tersoff,  D  \'anderbilt, 
V.  Vitek,  1989,  ISBN:  1-55899-014-3 

Volume  142 — Nondestructive  Monitoring  of  Materials  Properties.  |  Holbrook, 

J  Bussiere,  1989,  ISBN:  1-55899-015-1 

Volume  143— Synchrotron  Radiation  in  Materials  Research,  R.  Clarke,  ).  Gland, 

I.H.  Weaver,  1989,  ISBN.  1-55899-0I6-X 

Volume  1 44  — Advances  in  Materials,  Processing  and  Devices  in  lll-V  Compound 
Semiconductors,  D  K  Sadana,  L.  Eastman,  R  Dupuis,  1989, 

ISBN.  1-55899-017-8 
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Tungsten  and  Other  Refractory  Metals  for  VLSI  Applications,  Robert  S  Blewer,  1986; 
ISSN  0886-7860;  ISBN  0-931837-32-4 

Tungsten  and  Other  Refractory  Metals  for  VLSI  Applications  11,  Eliot  K.  Broadbent, 

1987;  ISSN  0886-7860;  ISBN  0-931837-66-9 

Ternary  and  Multinary  Compounds,  Satyen  K.  Deb,  Alex  Zunger,  1 987;  ISBN  0-93 1837-57-X 

Tungsten  and  Other  Refractory  Metals  for  VLSI  Applications  III,  Victor  A  Wells,  1988; 
ISSN  0886-7860;  ISBN  0-931837-84-7 

Atomic  and  Molecular  Processing  of  Electronic  and  Ceramic  Materials;  Preparation, 
Characterization  and  Properties,  Ilhan  A.  Aksay,  Gary  L.  McVay,  Thomas  G.  Stoebe, 

J.F.  Wager,  1988;  ISBN  0-931837-85-5 

Materials  Futures:  Strategies  and  Opportunities,  R.  Byron  Pipes,  U  S.  Organizing 
Committee,  Rune  Lagneborg,  Swedish  Organizing  Committee,  1 988.  ISBN  1-55899-000-3 

Tungsten  and  Other  Refractory  Metals  for  VLSI  Applications  IV,  Robert  S  Blewer, 

Carol  M.  McConica,  1989;  ISSN  0886-7860;  ISBN  0-931837-98-7 

Tungsten  and  Other  Advanced  Metals  for  VLSI/ULSI  Applications  V,  S.  Simon  Wong, 
Seijiro  Furukawa,  1990;  ISSN  1048-0854;  ISBN  1-55899-086-2 

High  Energy  and  Heavy  Ion  Beams  in  Materials  Analysis,  Joseph  R.  Tesmer,  Carl  J 
Maggiore,  Michael  Nastasi,  J.  Charles  Barbour,  James  W.  Mayer,  1990; 

ISBN  1-55899-091-7 

Physical  Metallurgy  of  Cast  Iron  IV,  Coro  Ohira,  Takaji  Kusakawa,  Eisuke  Niyama, 

1990;  ISBN  1-55899-090-9 


